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This study characterizes the inhalable suspended p a rt ic le s  
in Butte, Montana by using exploratory s ta t is t ic a l  techniques to 
examine the chemical composition of two p a r t ic le -s iz e  frac t io ns .
Using a Sierra dichotomous sampler, suspended p a r t ic le s  were 
sampled in two size ranges--a f ine  f ra c t io n  less than 2.5 pm and 
a coarse f ra c t io n  from 2.5 - 15 pm. Pairs o f sample f i l t e r s  
during the period o f Ju ly 1979 to May 1980 were selected fo r  
chemical analysis by x-ray fluorescence fo r  30 elements.
In general, the concentrations o f 12 elements, V, Ga, Ge, Sn,
Sb, Or, Co, N i, Se, Cd, W, and Hg, were below the decision l im i t  
o f the x-ray fluorescence spectrometer and were not considered 
fu r th e r  in th is  study.
The sum concentration of 18 elements accounted fo r  only a mean 
o f 13.1 percent of the f in e  p a rt ic le s . For the coarse f ra c t io n ,  
these elements accounted fo r  more than twice as much, 28.7 per­
cent. Some o f  the remaining material could be accounted fo r  by 
the estimation o f oxygen. However, 57 percent o f the f in e  and 
35 percent o f the coarse to ta l  concentrations remain un iden tif ied .
A1, S i,  Ca, Fe, Rb, K, Mn, and Cu were concentrated in the 
coarse f ra c t io n ,  while P, S, Br, and Pb were concentrated in the 
f in e  fra c t io n . This d iffe rence in chemical composition is  in ­
fluenced by source type of o r ig in .
Several source categories fo r  Butte were id e n t i f ie d  as: s o i l -  
and ore-re la ted a c t iv i t ie s ,  automobile use, combustion processes, 
and phosphorus production. A source o f Ba was detected, but not 
id e n t i f ie d .  Automobile use accounted fo r  more than 50 percent o f 
the va r ia t ion  in the f in e  to ta l concentration, while s o i l -  and 
ore-re lated a c t iv i t ie s  accounted fo r  more than 50 percent of the 
va ria t ion  in the coarse to ta l concentration.
The influence of Mount St. Helens volcanic ash on a May 19,
1980 sample f i l t e r  p a ir  and of three meteorological factors on 
high phosphorus leve ls were also examined.
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CHAPTER 1 
INTRODUCTION
A ir  q u a l i ty  decisions must weigh the environmental e ffec ts  and 
costs o f  p o llu t io n  with the economic costs o f  p o l lu t io n  con tro l.
For example, i f  an industry is  allowed to operate w ith o u t  p o llu t io n  
con tro ls , the natural environment and the health o f  humans and a n i­
mals w i l l  be damaged. I f  p o l lu t io n  contro ls are se t  to  reduce in ­
d u s tr ia l emissions, the industry and, in d i r e c t ly ,  i t s  consumers must 
bear the costs. The costs o f  p o l lu t io n  control can be determined 
by ca lcu la t ing  the manufacturing and operating expenses o f  a given 
p o llu t io n  control device. However, determining the e f fe c ts  and costs 
o f a i r  p o llu t io n  is  much more d i f f i c u l t .  The type o f  a i r  p o l lu ta n t,  
i t s  chemical and physical behavior a f te r  i t s  release in to  the a i r ,  
and the possible in te rac tions  w ith other po llu tan ts  g re a t ly  influence 
the environmental and health e f fe c ts .
Many a i r  p o llu t io n  studies have been conducted during the la s t  
two decades. During th is  period, new and b e tte r  sampling and measuring 
techniques also have been developed. Unfortunate ly , the  best ava ilab le  
information may not be complete enough to determine accurate ly  the e f ­
fects  o f  a i r  p o l lu t io n .  There is  thus a continued need fo r  a i r  p o l lu ­
t ion  studies in order to  understand more f u l l y  the c h a ra c te r is t ic s  o f 
a i r  p o l lu t io n .
One serious a i r  po llu t io n  problem in  areas throughout the world 
is  caused by suspended pa rt icu la te  matter. Suspended p a r t ic le s  cor­
rode metals and other surfaces, damage plants and an im als, and a f fe c t
1
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human health . In add it ion , the surfaces o f  these suspended pa rt ic les  
act as a transport medium fo r  other a i r  po llu tan ts .
Federal and state standards fo r  suspended p a r t icu la te  matter 
are set on a to ta l  mass per u n it  volume basis. These standards, 
however, are not adequate fo r  making p o llu t io n  co n tro l,  public health, 
and economic impact decisions. Research has shown th a t an important 
fa c to r  in  understanding p a rt icu la te  p o l lu t io n  is  the p a r t ic le  size 
d is t r ib u t io n .  The size o f pa rt ic le s  th a t  are suspended in the a i r  
is  affected by the source of o r ig in .  P a rt ic le  s ize , in  tu rn , affects 
the amount o f time tha t p a rt ic le s  remain suspended and the distance 
they tra ve l before s e t t l in g  out o f the a i r .  Also p a r t ic le s  o f d i f ­
fe ren t sizes have d i f fe re n t  chemical composition and environmental 
and human health e ffe c ts .  Thus, in  order to  improve and maintain 
a i r  q u a l i ty ,  new pa rt icu la te  standards based on p a r t ic le  size must 
be established.
This paper studies the suspended p a r t icu la te  p o llu t io n  problem. 
The sp e c if ic  study s i t e ,  Butte, Montana, su ffe rs  from high levels 
o f suspended pa rt ic le s  and has a lung cancer death rate nearly twice 
the national average (Medvec, 1981). To study the e ffec ts  of p a r t ic le  
s ize , p a rt icu la te  samples co llected in tv/o size f ra c t io n s  are used. 
This study w i l l  characterize B u tte 's  suspended p a rt icu la te  matter by 
using exploratory techniques to examine the chemical composition of 
the two size f ra c t io n s .  This characteriza tion should include the 
fo llow ing  ;
1) the determination o f the concentrations o f the chemical species
2 ) the id e n t i f ic a t io n  of sp e c if ic  sources
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3) the determination o f  each source's re la t iv e  con tr ibu tion  to 
the to ta l  concentration o f p a r t ic le s .
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CHAPTER 2
LITERATURE REVIEW
D efin it ions
Several terms used throughout th is  paper should f i r s t  be de­
fined and discussed.
A "p a r t ic le "  is  a dispersed, microscopic b i t  o f  matter tha t 
ex is ts  in a condensed phase (s o l id  or l iq u id ) .  Sizes can range from 
0.005 - 500 micrometers (pm) in  diameter (Fennelly, 1975).
The word "p a r t ic u la te "  is  an ad jective meaning " o f ,  perta in ing 
to ,  or consisting o f  very small separate p a r t ic le s "  (Webster's New 
World D ic tionary ). Thus, "p a r t icu la te  matter" is  correct» whereas 
"p a rt icu la te s " should not be used (L iu ,  e t a l . ,  1980).
"Aerodynamic equivalent diameter" is  the diameter o f a un it  
density sphere tha t has the same terminal s e t t l in g  v e lo c i ty  as a 
given p a r t ic le  (M i l le r ,  e t a l . ,  1979). This size term, or more simply 
"d iam eter", accounts fo r  the va r ia t ion  in the shape and density o f 
pa r t ic le s  which is  not exactly  known.
A "micrometer (pm)" is  a un it  o f  length equivalent to  one m i l ­
l io n th  o f  a meter. The term "pm in  diameter" measures the size o f 
p a r t ic le s .  I t  is fu r th e r  shortened simply to "pm".
"Micrograms per cubic meter (pg/m^)" and "nanograms per cubic 
meter (ng/m^)" are mass per u n it  volume o f a i r  ra t io s  which measure 
the mass concentration o f p a r t ic le s .  One thousand ng/m^ is  equiva­
le n t to one pg/m3.
"Emission" is  any l iq u id ,  s o l id ,  or gaseous m ateria l released
4
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In to  the atmosphere which is  capable of causing physical o r economic 
damage to  humans and th e i r  environment (MT AQ3, 1978).
An "aerosol" is  a system o f p a rt ic le s  suspended in  a gas. So lid  
or l iq u id  pa rt ic les  suspended in  the a i r  are c o l le c t iv e ly  ca lled  the 
"atmospheric aerosol". The components o f the atmospheric aerosol 
may be c la s s if ie d  as fo llov/s:
1) carbonaceous fra c t io n  - sooty carbon plus organic compounds
2 ) water-soluble io n ic  f ra c t io n  - s u l fa te ,  n i t r a te ,  ammonium ions ,
e tc .
3) mostly-inso lub le inorganic fra c t io n  - elements, oxides, e tc . (Rahn, 
1976). This study w i l l  deal only w ith elements found in  the inso lub le  
inorganic frac t io n  o f B u tte 's  atmospheric aerosol.
"Inhalable p a r t ic le s "  are those airborne p a r t ic le s  w ith aero­
dynamic diameters o f 15 pm or less, which can be inhaled by the human 
resp ira to ry  system (L iu ,  e t a l . ,  1980; M i l le r ,  e t a l . ,  1979). Further, 
inhalable pa rt ic le s  are separated by sampling instrumentation in to  
"coarse" pa rt ic le s  ranging in size from 2.5 - 15 pm and " f in e "  p a r t i ­
cles less than 2.5 pm.
"Elements" re fe r  to  the elemental species contained in p a r t i ­
culate matter w ithout implying th e i r  spe c if ic  chemical nature a t  the 
time o f  sampling. Chemical analyses report composition o f sample 
p a r t icu la te  matter in  terms o f the mass concentration o f elements.
These elements, however, may be e i th e r  contained in  o r on p a r t ic le s ,  
and be in compound form.
Suspended Part icu la te  Standards
The standards fo r  suspended p a rt icu la te  matter are based on the 
to ta l  mass of to ta l suspended p a rt ic le s  (TSP) co llec ted on a f i l t e r .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The high-volune sampler Is used as the reference device fo r measuring 
TSP. This type o f sampler draws i r  a i r  at a constant f low  ra te  fo r  
a 24-hour period and o rd in a r i ly  co l lec ts  p a r t ic le s  from 0 .1  - 100 pm 
in  diameter (Katz, 1980). The National and Montana Ambient A i r  Quality  
Standards fo r  TSP are in Table 1. The primary standard should p ro tect 
human health while the secondary standard should p ro te c t  the welfare 
o f  humans, p lan ts , and animals. Although progress has been made in  
reducing pa rt icu la te  p o l lu t io n ,  leve ls in many major c i t ie s  exceeded 
the 75 pg/m3 primary standard sometimes by a fa c to r  o f  two o r more 
(Fried lander, 1973b).
These current standards set on a to ta l  mass per u n i t  volume basis 
disregard p a r t ic le  size e f fe c ts .  Health e ffec ts  are re la ted  to  the 
concentration o f  inhalable p a r t ic le s  less than 15 pm in  diameter since 
these p a rt ic le s  can enter the human body (L iu ,  et a l . ,  1980). However, 
the mass concentration o f  a sample may be heavily in fluenced  by the 
la rge r pa rt ic le s  since the mass o f  a p a r t ic le  o f u n i t  density  Is pro­
portiona l to  the cube o f i t s  diameter. For example, o f  two p a r t ic le s  
o f  the same un it  density , the la rg e r p a r t ic le  (10 pm in  diameter) has 
a mass one thousand ( 10^) times greater than tha t o f  the smaller 
p a r t ic le  (1 pm in diameter) .
I t  is  known tha t smaller p a r t ic le s  in the 0.1 -  1.0 ym size range 
have a much greater impact on pub lic  hea lth , v i s i b i l i t y ,  and weather 
than the same mass o f la rge r p a r t ic le s .  Friedlander (1973b) commented 
tha t the to ta l  p a r t icu la te  mass could be decreasing in  an area while 
a i r  q u a l i ty  declines because the f in e  p a r t ic le  mass increases. Thus, 
p a r t ic u la te  standards must be revised and set on a p a r t ic le  s ize
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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*  not to  be exceeded more than once/year 
* *  not to be exceeded more than 1 percent o f 
days/year (Gelhaus and Roach, 1977)
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basis in order to make decisions tha t w i l l  improve a i r  q u a l i ty .
Parti c le Si ze D is t r ib u t io n
One o f the most important properties o f  suspended pa rt ic le s  is  
th e i r  p a r t ic le  size d is t r ib u t io n . 'Jhitby et a l .  (1972) established 
tha t the d is t r ib u t io n  was bimodal, composed o f two d is t in c t  size 
modes separated by a saddle at approximately 1 - 2 vim. The small 
p a r t ic le  d is t r ib u t io n  peaks at 0 .1  - 1.0  ym in  diameter while the 
large mode has a large peak at 2 - 8 ym in diameter.
The b im odality  o f the size d is t r ib u t io n  implies two kinds of 
formation processes and a lack of t ra n s fe r  between the two modes once 
the pa rt ic le s  are formed (Hammerle and Pierson, 1975). The f ine  
pa rt ic le s  o r ig ina te  from condensation and coagulation processes while 
coarse p a r t ic le s  re s u lt  from mechanical processes and abrasion (Whitby, 
et a l . ,  1972). Thus, the type o f source emissions w i l l  a f fe c t  the 
size o f the p a r t ic le s  in the aerosol.
Rahn (1976) described how the mass o f  an element in  the aerosol 
varied w ith  the p a r t ic le  s ize. He found tha t the "mass-particle size 
function" (MSF) was su rp r is in g ly  constant at d i f fe re n t  times and places. 
For most elements, the MSF is  nearly log-normal, and the center, the 
mass median diameter (HMD), represents the preferred p a r t ic le  size.
The MMD is  the p a r t ic le  size at which 50 percent o f the mass comes 
from la rg e r p a r t ic le s  and 50 percent from smaller p a r t ic le s .  Rahn's 
MSF data supported the bimodal theory by showing tha t most MSF's are 
nearly log-normal, and tha t most, but not a l l ,  o f  the HMD's are near 
the center o f one or the other o f Whitby's two modes.
P a rt ic le  size and source o r ig in  thus a ffe c t the chemical compo­
s i t io n  o f an aerosol. Elements were found to predominate e ither in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the f in e  or coarse size range. Paciga and Jerv is  (1976) used log­
normal p lo ts  to  order elements according to s ize. Elements such as 
aluminum (A l) ,  calcium (Ca), cobalt (Co), lanthanum (La ),  magnesium 
(Mg), iron  (Fe), samarium (Sa), scandium (Sc), sodium (Na), and 
t itan ium  (T i)  were concentrated in coarse p a r t ic le s  and assumed to  
be s o i l  derived. However, the presence o f  local sources could not 
be discounted. Ca is  a major constituent o f cement. Other sources 
such as coal combustion may also contribute to  these elemental con­
centrations. Antimony (Sb), bromine (B r) ,  ch lorine (C l ) ,  and lead 
(Pb) were concentrated in  f in e  p a r t ic le s  and re la ted  to  po llu t ion  
sources.
Studies o f p a r t ic le  size d is tr ib u t io n s  by Hammerle and Pierson 
(1975) and Rahn (1976) found exceptions to  Whitby's bimodal theory. 
Elements such as vanadium (V), arsenic (As), indium ( I n ) ,  and zinc (Zn) 
were found to have preferred p a r t ic le  sizes (MMD‘ s) intermediate to 
the two size modes. One explanation suggests th a t a source exists 
which releases medium-sized p a r t ic le s .  Another explanation may be 
th a t  more than one source type contributes to  the atmospheric concen­
t ra t io n  o f a p a r t ic u la r  element. This second explanation is  consistent 
with the bimodal size d is t r ib u t io n  theory. Lioy e t a l . (1978) favor 
the la t t e r  explanation tha t several sources o f a p a r t ic u la r  element 
release both f in e  and coarse p a r t ic le s .  For example, Zn can orig inate 
e i th e r  by condensation from smelters and in c in e ra to rs  or by mechanical 
entrainment from bu ild ings and automobiles. The f in a l  MMD would de­
pend on the re la t iv e  concentration in the atmosphere from each source 
(Rahn, 1976). However, more work is  needed before ru l in g  out the 
p o s s ib i l i ty  of a source o f medium-sized p a r t ic le s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Small and large p a rt ic le s  d i f f e r  in th e ir  physical behavior.
Small pa r t ic le s  are less e f fe c t iv e ly  captured by p o l lu t io n  control 
devices than large ones. Once released in to  the atmosphere, small 
p a r t ic le s  remain airborne longer and trave l fu r th e r  (Burchard, 1974; 
Perera and Ahmed, 1978). The size and density (mass per un it  volume) 
o f  a p a r t ic le  a f fe c t  the time and distance i t  remains in  the atmos­
phere. Of two p a r t ic le s  o f the same s ize , the denser p a r t ic le  w i l l  
s e t t le  out o f the a i r  more rap id ly . A la rge r p a r t ic le  w i l l  s e t t le  out 
more rap id ly  than a small p a r t ic le  o f the same density . Large dense 
p a r t ic le s  w i l l  thus s e t t le  rap id ly  close to  th e i r  source. Small 
p a r t ic le s ,  on the other hand, can remain suspended in  the a i r  f o r  long 
periods, ranging from one week to  several months. During th is  tim e, 
they can trave l some distance from th e ir  source (Perera and Ahmed,
1978).
E f fects and Health Hazards
The e ffec ts  o f  suspended pa rt icu la te  matter can be serious. Sus­
pended pa rt ic le s  may cause resp ira to ry  i l ln e s s  and cancer in humans, 
damage plants and animals, corrode metals and other surfaces, and tran s ­
m it odors. The p a r t ic le s  can be e i th e r  v o la t i le  or corrosive themselves 
or serve as ca rr ie rs  fo r  v o la t i le  or corrosive m atter. P a rt ic les  pose 
a greater problem of synergism when combined w ith  o ther a i r  p o l lu ta n ts ,  
such as s u lfu r  d ioxide (Fennelly, 1975; Perera and Ahmed, 1978).
Suspended p a rt ic le s  can modify weather cond itions , causing higher 
temperatures and humidity, and increased cloud cover. They also de­
crease v i s i b i l i t y ,  a f fe c t in g  aesthetics and endangering trave l sa fe ty . 
The most s ig n i f ic a n t  reduction in v i s i b i l i t y  is  caused by f ine  p a r t ic le s
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from 0.1 - 1.0 pm in diameter. Such p a rt ic le s  e f f e c t iv e ly  sca tte r  
l i g h t  because th e ir  diameters are comparable to  the wavelengths o f 
l i g h t  in  the v is ib le  region {Fennelly, 1975).
The po ten tia l human health e ffec ts  o f suspended p a r t ic le s  are 
re la ted  to  th e ir  s ize. Larger p a r t ic le s  are a nuisance, but pose no 
serious health hazard because they s e t t le  out o f  the a i r  ra p id ly .  In 
a normal in d iv id u a l,  the la rges t p a r t ic le  s ize th a t can be inhaled in to  
the lungs through the nose is  10 pm in diameter. However, p a r t ic le s  as 
large as 15 pm in diameter can be inhaled during exe rc ise  and mouth 
breathing (L iu , e t a l . ,  1980). These p a rt ic le s  thus bypass the body's 
natura l f i l t e r s  in  the nose and th ro a t and can cause serious health 
e f fe c ts  once deposited in  the lungs.
Research has been done on three areas o f  the re s p ira to ry  system 
in re la t io n  to p a r t ic le  deposition: 1) the upper re s p ira to ry  t r a c t ,
extending from a n te r io r  nares to  the larynx; 2 ) conducting airways; 
and 3) gas-exchange regions. A c u t -o f f  o f 15 pm in  diameter has been 
established fo r  de fin ing  inhalable pa rt ic le s  since these p a rt ic le s  
bypass the upper resp ira to ry  f i l t e r s  and deposit p r im a r i ly  in the con­
ducting airways and gas-exchange regions. Research supports a second 
c u t -o f f  o f 2.5 pm in diameter as the d is t in c t io n  between deposition 
in the conducting airways and the gas-exchange areas ( M i l l e r ,  e t  a l . ,
1979). More than 50 percent o f p a r t ic le s  from 0.01 -  0.1 pm in  diameter 
th a t enter the pulmonary area w i l l  be deposited th e re . This a b i l i t y  
to  penetrate in to  the re p ira to ry  system and be captured is  a function 
o f p a r t ic le  geometry (Burchard, 1974).
P art ic les  in the lungs can a ffe c t health in  th re e  ways. F i r s t ,
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th e i r  physical presence can cause i r r i t a t i o n  of sens it ive  lung tissue. 
Besides i r r i t a t i o n ,  oxygen tra n s fe r  in the lungs can be impaired 
(Fennelly , 1975). Second, the p a r t ic le s  can be chemically to x ic  and 
d i re c t ly  a f fe c t  health. The chemical composition w i l l  a f fe c t the de­
gree o f  t o x ic i t y .  D if fe re n t p a r t ic le s  deposited in the same area can 
cause d i f fe re n t  health e f fe c ts .  Th ird , the pa rt ic le s  can in d ire c t ly  
a f fe c t  health by carrying other to x ic  material on t h e i r  surfaces.
These to x ic  trace metals and organic species can be removed from the 
p a r t ic le  surfaces by the body's f lu id s  fo llow ing inha la tion  (Keyser, 
e t a l . ,  1978). In addition to a ffe c t in g  the lungs, the to x ic  material 
can move from the lungs to the g a s tro - in te s t in a l system and a f fe c t  
o ther tissues throughout the body.
Suspended p a rt ic le s  p r in c ip a l ly  a f fe c t  the resp ira to ry  system.
The e ffe c ts  can be short-term i r r i t a t i o n  or long-term damage from 
s i l i c o s is ,  asbestos!s, chronic obstructive  lung disease (emphysema, 
asthma, chronic b ro n c h it is ) ,  cerebrovascular disease (s tro ke ),  and 
cancer o f  the resp ira to ry  system (Burchard, 1974; MT AQS, 1978). 
However, a strong association has not ye t been established between 
ambient a i r  levels o f a sp e c if ic  compound and human cancer morbidity 
and m o r ta l i ty  (Keyser, e t a l . ,  1979).
The e f fe c t  o f suspended p a r t ic u la te  matter on resp ira to ry  i l l ­
ness has been studied in several areas of Montana. A review o f 
Montana's v i t a l  s ta t is t ic s  fo r  the period o f 1963 - 1973 showed high 
death rates from chronic obstructive  lung disease (emphysema, asthma, 
acute b ro nch it is )  and lung cancer. In Missoula County, the death rate 
from chronic obstructive lung disease was 49 percent above the national 
average. The lung cancer death rate in Deer Lodge and S ilve r  Bow
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Counties was nearly twice the national average (Medvec, 1981).
In Missoula, McBride and Anderson (1972) found a corre la tion 
between the annual number o f hospita l admissions fo r  acute upper res­
p ira to ry  in fe c t io n  and the annual number o f hours per year with v i s i ­
b i l i t y  less than or equal to  s ix  miles at the a irp o r t .  This reduced 
v i s i b i l i t y  caused by suspended p a r t ic le s  was associated with elevated 
p a r t ic u la te  levels downtown (s ix  miles from the a i rp o r t ) .  The Missoula 
pneumonia death rate had increased dram atica lly  since 1950 and was fa r  
above the national average. McBride and Anderson (1972) speculated 
th a t the increased hospita l admissions fo r  acute resp ira to ry  in fe c t ion  
(m orb id ity) and m o r ta l i ty  from pneumonia were caused by suspended par­
t ic u la te  p o l lu t io n .
Newman et a l . (1976) studied the h is to lo g ic  types o f broncho­
genic carcinoma among members o f  Deer Lodge and S ilve r  Bow Counties. 
They found elevated incidences o f  cancer of the bronchus and lung a- 
mong men in  both Butte and Anaconda and among Butte women. They sus­
pected th a t airborne arsenic and s i l ic a te s  from suspended s tree t dust 
were the causes.
Two la te r  studies o f  morb id ity in  Montana, however, did not show 
a re la t io nsh ip  between resp ira to ry  diseases and a i r  p o llu t io n .  The 
f i r s t  study analyzed spe c if ic  disease hospita l-d ischarge rates per 
10,000 persons and per 1000 hospita l discharges fo r  f i f t y - s i x  counties 
grouped by a i r  p o llu t io n  leve ls (Medvec, 1981). The fa i lu re  to show 
a co rre la t io n  between hospita l discharges fo r  resp ira to ry  diseases, 
heart disease, stroke, and mental i l ln e s s  was a t tr ib u te d  to the com­
pounding factors o f urban versus rura l population d is t r ib u t io n ,  ava ila ­
b i l i t y  o f  medical care, and other environmental fac to rs . The second
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study investigated the possible causes o f the high death rates from 
lung cancer and other resp ira to ry  diseases in  Deer Lodge, Lake, and 
S i lv e r  Bow Counties (Medvec, 1981). Death c e r t i f ic a te s  of persons 
who had died from selected diseases during 1959 - 1973 were reviewed.
A re la t io n sh ip  between death rates from lung cancer, chronic resp ira­
to ry  diseases, and cerebrovascular diseases, and ambient a i r  po llu t ion  
leve ls could not be shown because o f  an overv/helming va r iab le , the 
smoking o f  c ig a re tte s , c igars, or pipes. However, such a re la tionsh ip  
is  s t i l l  s trong ly  suspected, and a syne rg is t ic  e f fe c t  o f  a i r  po llu t ion  
exposure and heavy smoking may be l i k e ly .
MAPS Project
Concern about the resu lts  from these miscellaneous health e f fe c t  
studies resulted in the Montana A ir  P o llu tion  Study (MAPS) being funded 
by the f o r t y - f i f t h  Montana Legislature fo r  the period o f  1977 - 1981. 
MAPS was set up to  improve knowledge o f a i r  p o llu t io n  in  Montana and 
to  study the re la t io nsh ip  between a i r  p o llu t io n  and human health. The 
p ro jec t was divided in to  f iv e  sections:
1) a i r  q u a l i ty  monitoring
2 ) meteorological monitoring
3) emission inventory
4) health e ffec ts
5) comprehensive information system.
A good summary of the MAPS resu lts  can be found in  Medvec (1981). More 
de ta iled  resu lts  on the health e ffec ts  are availab le (Johnson, et a l . ,  
1981; Johnson, e t a l . ,  1981b; Gideon, et a l . ,  1981; Gideon, et a l . ,  
1981b; Loftsgaarden, et a l . ,  1981).
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Several areas throughout Montana were studied. At least one 
major monitoring s i te  in each study c i t y  monitored concentrations o f 
s u l fu r  d iox ide , nitrogen oxides, carbon monoxide, ozone, to ta l  sus­
pended p a r t ic le s ,  and respirable ( inha lab le) p a r t ic le s .  These moni­
to r in g  s ta tions also co llec ted meteorological data such as surface 
wind, temperature, atmospheric t u r b id i t y ,  re la t iv e  humidity, and baro­
metric pressure.
To evaluate health e f fe c ts ,  pulmonary function measurements (PFfi) 
were studied among elementary school children and among ind iv idua ls  
with chronic obstructive  pulmonary disease (COPD). Pulmonary function 
tes ting  is  a standard approach used to assess the e f fe c ts  o f a i r  po l­
lu t io n  on human health . A Jones Pulmonar w ith a datamatic micro­
processor was used to  measure the fo llow ing :
1) forced v i ta l  capacity (FVC) - to ta l  volume o f a i r  exhaled w ith
maximum force from point of maximum in s p ira t io n .  FVC represents 
the lung volume used in breathing and is  c lose ly  re lated to  sub­
je c ts '  size and stage o f growth.
2) forced exp ira to ry  volume (FEV 75 and FEV̂  g) - volume o f a i r  ex­
pired in the f i r s t  .75 and 1.0 seconds o f  the FVC e f fo r t .
3) Forced exp ira to ry  flow (FEF25- 75) - flow o f  a i r  during the middle
h a l f  o f the FVC e f fo r t .  FEF25_75 measures the speed at which a i r  
is  expelled, which in turn measures the a ir f lo w  resistance o f  the 
medium- and small-sized passages o f the lung.
4) peak exp ira to ry  flow rate (PEFR) - s ing le  highest flow rate re ­
corded during the FVC e f fo r t .  Usually occuring a t the beginning 
o f  e xp ira t io n , PEFR re f le c ts  the e f fo r t  required to  move s ta t ic
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volumes of a i r  through large airv/ays.
The pulmonary lung function resu lts  indicated a negative r e la t io n ­
ship between pulmonary lung function and a i r  q u a l i t y .  PFM's o f c h i ld ­
ren in f iv e  Montana c i t ie s  were negative ly co rre la ted  w ith  a i r  q u a l i ty .  
Children from Great Falls  had the highest PFM's w h ile  Missoula's 
ch ild ren had the lowest PFM's. These resu lts  corresponded w ith  Great 
Falls having the lowest leve ls  o f  ambient p a r t ic u la te  p o l lu t io n  while 
Missoula had the highest levels (Gideon, e t a l . ,  1981). Within one 
community, Missoula, elevated leve ls  o f suspended p a r t ic le s  were as­
sociated w ith an acute decrease o f ch ild ren 's  pulmonary functions 
(Loftsgaarden, et a l . ,  1981). Ind iv idua ls  in  Missoula w ith  chronic 
obstructive  pulmonary disease were given the lung fu n c t io n  tes ts  and 
asked to maintain a d iary  o f pulmonary symptoms ( f o r  example, sho rt­
ness of breath, cough, wheezing, and phlegm). Results indicated tha t 
increased p a rt icu la te  leve ls  reduced PFM's and led to  more pulmonary 
attacks (Jonhson, e t  a l . ,  1979; Gideon, e t  a l . ,  1981b).
Another health aspect o f the MAPS pro jec t used the Ames te s t  to  
id e n t i fy  mutagens. I t  is  important to study mutagens because they can 
permanently a l te r  genetic m ate ria l.  More than 90 pe rcen t o f carcino­
gens are mutagens w ith  the l ik e l ih o o d  th a t a l l  mutagens are carcinogens, 
In Anaconda and Butte, i t  is  suspected tha t important carcinogens may 
be metals or other inorganic compounds. Arsenic (A s ) ,  cadmium (Cd), 
chromium (C r), n ickel (N i) ,  bery ll ium  (Be), coba lt (C o), iron  (Fe), 
lead (Pb), t itan ium  ( T i ) ,  and zinc (Zn) are known to  be human carcino­
gens (Warren, e t a l . ,  1979). Results of the Ames t e s t  on samples from 
various Montana c i t ie s  showed tha t both urine samples and a i r  pa rt icu -
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la te  samples contained mutagenic substances. I t  is  unclear whether 
th is  presence o f mutagens in humans was re lated to t h e i r  presence in 
suspended p a r t ic le s .
Elemental Sources
D iffe re n t formation processes produce f in e  and coarse pa rt ic le s .  
Coarse pa rt ic le s  re s u lt  from mechanical processes and abrasion (Whitby, 
e t  a l . ,  1972). Their cha rac te r is t ics  are common w ith  local so i l  condi­
t ions  o f  e ff lu e n ts  from loca l industr ies  (Fennelly, 1975). On the 
other hand, f ine  p a rt ic le s  re s u lt  from condensation and coagulation 
processes in  emissions from high temperature, high energy systems 
(Burchard, 1974; Whitby, e t a l . ,  1972; Fennelly, 1975).
The breakdown o f  la rge r p a r t ic le s  could not be a source o f  p a r t i ­
cles smaller than a few micrometers. This implies th a t  f in e  pa rt ic les  
must be produced in high energy systems such as combustion and metal­
lu rg ic a l operations. A large input o f energy is  needed to  provide the 
add itiona l surface energy tha t accompanies an increase in the number of 
f in e  pa rt ic le s  (Fennelly, 1975). Table 2 shows the pre lim inary  p r io r ­
i t y  ranking of major in d u s tr ia l  sources o f f in e  p a r t ic le s .
Work has been done on the elemental composition o f  suspended p a r t i ­
cles from many c i t ie s  in  the United States and Europe. The resu lts  show 
th a t  certa in  emission sources release concentrations o f  ch a rac te r is t ic  
elements in to  the atmosphere. Crustal matter ( s o i l )  is  the main source 
o f coarse pa rt ic le s  containing aluminum (A l) ,  s i l ic o n  (S i ) ,  iron (Fe), 
calcium (Ca), t itan ium  ( T i ) ,  and manganese (Mn) (Hammerle and Pierson, 
1975; McMullen and Faora, 1977; Kadowaki, 1979; Rahn, 1976; Shacklette, 
e t a l . ,  1971).
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TABLE 2
RANKING OF MAJOR INDUSTRIAL SOURCES OF FINE PARTICLES
1) Ferro a l lo y  furnaces 6 ) Municipal inc inerators
2) Steel making furnaces 7) Iron foundry cupolas
3) C oa l-f ired  power plants 8) Crushed stone plants
4) Lime k ilns  9) Hot mix asphalt plants
5) K ra ft  pulp m il l  recovery furnaces 10) Cement k i lns
(Burchard, 1974)
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Various sources release s ig n i f ic a n t  concentrations of pa r t icu la r  
elements contained in the f in e  p a r t ic le s .  Gasoline engine exhaust is  
the major source of lead (Pb) and bromine (Br) (Rhodes, et a l . ,  1972; 
Wedberg, e t  a l . ,  1974; Fried!ander, 1973). 75 percent of the United
States production o f bromine is  used to  manufacture ethylene dibromide. 
This compound, a lead scavenger, is  found in anti-knock additives to  
gasoline (Wedberg, e t a l . ,  1974). Combustion o f fu e l o i l  fo r  space 
heating is  the major source o f  vanadium (V) and n icke l (Ni) (Rahn, 
1976). Vanadium was found to mix uniform ly in  the atmosphere (Lioy, 
e t a l . ,  1980), and the d is t r ib u t io n  o f vanadium concentrations in 
Chicago re f lec ted  the d is t r ib u t io n  o f  population density  in the c i t y  
Brar, et a l . ,  1970). Greenberg e t a l .  (1978) supported the conclusion 
tha t municipal inc inerato rs  can be major sources o f  cadmium (Cd), 
z inc (Zn), antimony (Sb), and possibly t in  (Sn), s i l v e r  (Ag), and 
indium ( In ) .  Their comparison o f three inc inera to rs  showed s im ila r  
emissions despite differences in  geographic loca tion  and po llu t ion  
contro l devices.
Chemical analysis has revealed the chemical composition of f l y -  
ash from coal combustion (Keyser, e t a l . ,  1978; Page, e t a l . ,  1979; 
Gladney, et a l . ,  1978). Many elements vaporize at combustion tempera­
tures (1500°C) and condense onto p a r t ic le  surfaces when the tempera­
ture drops. Fine p a r t ic le s  are more h igh ly  enriched w ith elements be­
cause they have an increased surface area per u n it  mass for adsorp­
t io n .  Although many elements are associated w ith coal combustion, 
several to x ic  elements, chromium (C r) ,  arsenic (As), and selenium (Se) 
have been reported in emissions from such sources (Gladney, et a l . .
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1978; Lee and vonLehmden, 1973).
Sampling and Analysis
Suspended p a rt ic le s  are collected fo r  chemical analysis by p a r t i ­
culate sampling devices. The resu lts  of the chemical analysis can 
only be as good as the samples. Thus, the samples should contain an 
adequate and representative number o f p a r t ic le s ,  and have minimal 
chemical in te rference from the co l le c t io n  m atrix  [p la te ,  f i l t e r ,  e t c . ) .
The high-volume f i l t e r  is  the current reference sampling technique. 
A high-volume sampler simply draws in  a i r  at a constant flow ra te  and 
co lle c ts  the p a r t ic le s  onto a f i l t e r .  The device does not separate 
p a r t ic le s  by s ize , but c o l le c t iv e ly  samples a l l  p a r t ic le s  from 0 .1  - 
100 pm in  diameter (Katz, 1980). Research on the e f fe c t  o f p a r t ic le  
size on human hea lth , physical behavior in  the a i r ,  and chemical compo­
s i t io n  have shown th a t high-volume sampling techniques provide Inade­
quate conclusions fo r  use in a i r  p o llu t io n  control decisions.
Be tte r sampling techniques take p a r t ic le  size in to  account and 
use the impaction c o l le c t io n  method. Impactors depend upon the re la ­
t iv e  balance between in e r t ia l  and aerodynamic forces to  separate sus­
pended pa rt ic le s  in to  size ranges. In a conventional aerosol impactor, 
an airstream turns abruptly as i t  nears a f l a t ,  grease-coated p la te . 
Partic les  w ith the la rgest in e r t ia  maintain a s t ra ig h t  enough path to 
impact onto the plate while drag forces o f the gasflow carry the smaller 
p a r t ic le s  along a ir f lo w  streamlines (Stevens and Dzubay, 1978). Prob­
lems encountered w ith  conventional aerosol impactors have been the in ­
convenience o f working with p la tes, and the chemical in terference from 
the grease. More advantageous than conventional impactors, v i r tu a l  
impactors have been increasingly used. Instead of c o l le c t in g  the la rg e r
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p a r t ic le s  on grease-coated p la tes, such sampling devices impact them 
in to  a slowly pumped void and c o l le c t  them on a f i l t e r .  The f i l t e r s  
are convenient to  use and re la t iv e ly  in e r t .
The q u a n t ita t ive  technique used to  analyze p a r t ic u la te  samples 
should s a t is fy  f iv e  c r i t e r ia :
1) i t  should be able to analyze a broad range o f  elements
2 ) i t  should have high s e n s i t iv i t ie s  in the order o f  ng/m^
3) i t  should be re la t iv e ly  inexpensive
4) i t  should be re la t iv e ly  fa s t  (minutes)
5) i t  should not destroy the f i l t e r  samples (Giauque, e t  a l . ,  1974).
Atomic absorption spectrophotometry (AAS) is  probably the most 
widely used ana ly t ica l method fo r  the determination o f  trace metals.
AAS can measure only one element at a time, and only those fo r  which 
hollow-cathode lamps are availab le ( G i l f r ic h ,  e t a l . ,  1973). I t  can 
generally provide the required s e n s i t iv i ty ,  but i t  is  time consuming 
and labor in tens ive . AAS also destroys the samples because they must 
be digested and dissolved in to  so lu tion before an a lys is .  Problems 
w ith  complete d igestion and contamination lead to  a d d it io n a l sources 
o f  e r ro r .
Multi elemental, nondestructive techniques have more recently  been 
used. These include neutron ac tiva t ion  analysis (NAA) and x-ray f lu o r ­
escence spectrometry (XRF). NAA has several disadvantages. I t  can be 
very sens it ive  fo r  some elements while quite in s e n s it iv e  fo r  others, 
requires access to  a nuclear reactor, and is  time consuming (Rhodes, 
e t a l . ,  1972). XRF is  w e ll-su ited  fo r  elemental ana lys is  because i t  
can measure 10 - 20 elements simultaneously and has uniform detection
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
_ 22
l im i ts  ranging from 1 - 100 ng/m ( G i l f r ic h ,  et a l . ,  1973). P a r t i­
cu la r ly  appealing features o f XRF are i t s  ra p id ity  and the ease with 
which i t  can be automated to handle large numbers o f  samples (Luke, 
e t a l . ,  1972). However, elements with atomic numbers less than 19 
are re la t iv e ly  d i f f i c u l t  to detect because o f th e i r  low fluorescence 
y ie ld s  and the strong absorption o f  the fluorescence x-rays by matter 
(e.g . f i l t e r  medium or the p a rt ic le s  themselves) (Hammerle and Pierson, 
1975; Loo, et a l . ,  1977).
Generally, there is  good agreement between resu lts  using the 
three q u a n tita t ive  ana ly t ica l techniques. Luke e t  a l . (1972) and 
Rhodes e t  a l.  (1972) found good agreement between AAS and XRF. In 
comparison o f instrument time, XRF was three times fa s te r  than auto­
mated AAS; s l ig h t ly  more than 10 seconds/elements compared w ith  30 
seconds/element (Luke, e t a l . ,  1972). Hammerle e t a l . (1973) found 
tha t a l l  three methods, AAS, NAA, and XRF, produced s im i la r  resu lts .
Out o f 19 elements tested by two-way analysis o f variance, there were 
only 8 s ig n i f ic a n t  d ifferences at the 5 percent le v e l .
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MATERIALS AND METHODS
Pairs (Tine and coarse fra c t io n )  o f sample f i l t e r s  during the 
period o f  July 1979 to  June 1980 were selected fo r  th is  study. They 
were co llected at the Hebgen Park A ir  Monitoring Station in Butte, 
Montana and analyzed fo r  elemental compos1 ton by x-ray fluorescence 
spectrometry.
Study S ite
Butte, Montana is  located in  the southwestern part o f the state 
about fou r miles west o f  the continenta l d iv ide. Situated in a va lley , 
B u tte 's  elevations range from about 6000 fee t on the northern sides to 
5200 fee t on the va lley  f lo o r .  Butte was a major mining center in  the 
west f o r  many decades, but is  cu rren t ly  declin ing in  a c t iv i t y  and popu­
la t io n  (down to about 25,000) (Medvec, 1981).
Ambient pa rt icu la te  standards have been v io la ted many times in 
Butte (Gelhaus and Roach, 1977). This area suffers from frequent in ­
versions during the w in te r. These invers ions, coupled with the general 
p ro tection by the mountains from regional scale a i r  mass movements, 
cause poor dispersion o f  a i r  po llu tan ts  out o f  the va lle y . Major in ­
d u s tr ia l po llu t io n  sources include the Berkeley open-pit copper mine, 
copper ore crusher and concentrator, a conical wood waste (tepee) 
burner, three hot mix asphalt batch p lan ts , and an elemental phosphorus 
p lan t located s ix  miles to  the west of Butte.
As part of the Montana A ir  P o llu tion  Study (MAPS), several a i r  
monitoring sta tions were set up in Butte. These s ta tions measured
23
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d a i ly  ambient p o llu t io n  leve ls  such as carbon monoxide (CO), nitrogen 
oxides (N0_^), and to ta l suspended p a r t ic le s  (TSP). In addition , v i r ­
tua l impactors known as dichotomous samplers were operated every th ird  
day and co llected suspended p a r t ic le s  in two size ranges - a f ine  
f ra c t io n  less than 2.5 pm and a coarse fra c t io n  from 2.5 - 15 pm.
The Butte h i l l  experiences much higher levels o f  to ta l suspended 
p a r t ic le s  than the lower va lle y . Located about two miles south - 
south-west o f the Berkeley open-pit copper mine, the Hebgen Park a i r  
monitoring s ta t ion  was expected to  measure concentrations in between 
those on the h i l l  and those in  the va lley .
Sampling Technique
The dichotomous sampler operated a t Hebgen Park is  manufactured 
by S ierra  Corporation and samples by the v ir tu a l  impaction method. 
P a rt ic les  la rger than 15 pm in diameter are screened out and a cutpoint 
at 2.5 pm separates the f in e  and coarse frac t io ns . See Figure 1 fo r  
a cross-sectional view. Operating at an in le t  flow ra te  o f about 15.7 
l i t e r s  per minute, the coarse p a r t ic le s  are impacted in to  a slowly : i
pumped void and co llected on a f i l t e r .  The f in e  p a r t ic le s  are carried 
along a ir f lo w  streamlines and co llec ted  on a second f i l t e r .  The coarse 
f i l t e r  co llec ts  a f ra c t io n  o f the f in e  pa rt ic le s  because a constant 
percentage o f the sampled a i r  passes through the coarse f i l t e r .  The 
fra c t io n  o f  f ine  p a rt ic le s  contained on the coarse f i l t e r  is  d i re c t ly  
re la ted to  the ra t io  o f the in le t  f low  rate and the f low  rate in the 
coarse p a r t ic le  c o l le c to r  (Stevens and Dzubay, 1978). In the case o f 
th is  S ie rra  dichotomous sampler, 1.67 l i t e r s  per minute, or 10 percent 
o f the sampled a i r  passed through the coarse f i l t e r .  Thus, 10 percent
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of the f in e  p a r t ic le  mass was co llected on the coarse f i l t e r .  A cor­
rection fo r  th is  sampling e rro r was made a t a la te r  date.
Ghia Corporation Teflon membrane f i l t e r s  were used to c o l le c t  the 
p a r t ic le s .  These f i l t e r s  w ith 1.0 pm pores and an annu lar polyester 
r ing  fo r  support are preferred fo r  the fo llow ing  reasons:
1) a high co l le c t io n  e f f ic ie n c y  fo r  p a r t ic le s  above 0.01  pm in diameter
2) ne g l ig ib le  tendency to absorb or react w ith  gases
3) minimal im purit ies  to in te r fe re  w ith analyses o f  chemical and
elemental species
4) low mass per u n it  area which enables b e tte r  d e te c t io n  l im i ts  fo r
elemental analysis by x-ray fluorescence.
The Teflon membrane is  less affected by changes in  r e la t i v e  humidity 
than glass f ib e r ,  quartz, or ce llu lose  ester membranes. Also, the 
Ghia Teflon membrane f i l t e r s  have superior handling ch a ra c te r is t ic s  
over M il l ip o re  Corporation f i l t e r s  which consist o f  a Teflon membrane 
bonded to a polyethylene support net {Stevens and Dzubay, 1978).
Storage and Selection
The dichotomous sampler was run every t h i r d  day during the duration 
o f  the MAPS pro jec t.  A f te r  each 24-hour run, the f i n e  and the coarse 
sample f i l t e r s  were placed in  separate p la s t ic  p e t r i  dishes labeled 
w ith corresponding id e n t i f ic a t io n  numbers. They were hand transported 
to the A ir  Quality Bureau (AQB) in Helena, Montana. Once there, the 
f i l t e r s  were brought to a re la t iv e  humidity in  a Boekel dessicator 
and weighed on a Perkin-Elmer Autobalance Model AD-2Z. The f i l t e r  
tare weights (previously recorded) subtracted from the to ta l weights 
determined the f in e  and the coarse sample f i l t e r  masses.
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59 pairs o f sample f i l t e r s  were selected fo r  elemental a n a ly s is -  
f iv e  pa irs from each month during the period from Ju ly  1979 to June 
1980. Id e a lly ,  since the dichotomous sampler was operated every th ird  
day, a sequentia lly  selected sample would have contained f i l t e r s  from 
every other sample day (every s ix th  day). This was not the case due 
to problems in f ind in g  sp e c if ic  stored f i l t e r s .  For June 1980, only 
a to ta l  o f  four sample f i l t e r  pairs could be found.
During storage, the sample f i l t e r s  may have lo s t  some particu­
la te  matter. This was o f some concern because the recorded mass (de­
termined as the f i l t e r s  arr ived at the A ir  Qua lity  Bureau) was to be 
used in the elemental analysis. To check fo r  a loss in  mass, nine 
pa irs o f sample f i l t e r s  were randomly chosen from among the selected 
59 pa irs . These f i l t e r s  were placed in a dessicator overnight and 
then weighed. A comparison of recorded and present masses is  shown 
in  Table 3. The f in e  f i l t e r  mass had only an average loss of 4.0 
percent. The mass on the coarse f i l t e r s  was more s tab le  with only 
a 2.2 percent average loss. This te s t  concluded th a t  the loss of 
pa r t icu la te  matter from sample f i l t e r s  v/as in s ig n i f ic a n t .
Elemental Analysis
The sample f i l t e r s  were analyzed fo r  30 elements by an automated 
energy-dispersive x-ray fluorescence (XRF) spectrometer operated by 
EPA-Northrop Services, Inc. in  North Carolina. In t h is  device, a 
pulsed-mode x-ray tube excites a secondary ta rge t which excites the 
sample with nearly monoenergetic x-rays. To obtain high s e n s it iv i ty  
fo r  a wide range o f elements, each sample is  excited by three d if fe re n t 
secondary targets. The secondary ta rge ts , t itan ium  ( T i ) ,  molybdenum
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TABLE 3
TEST FOR FILTER MASS LOST DURING STORAGE
F i l t e r Recorded* Present*
Fine Mass mg Mass mg % Loss
1 0.35 0.34 5.56
2 0.79 0.77 2.53
3 0.80 0.75 6.25
4 0.25 0.25 0.00
5 0.84 0.80 4.76
6 0.76 0.75 1.32
7 0.46 0.43 6.52
8 0.54 0.52 3.70
9 0.35 0.33 5.71
Mean = 4.04
Std Dev = 2.31
F i l t e r Recorded* Present*
Coarse Mass mg Mass mg % Loss
1 0.46 0.43 6.52
2 1.66 1.63 1.81
3 1.02 1.01 0.98
4 0.52 0.52 0.00
5 1.53 1.52 0.65
6 0.84 0.83 1.19
7 0.55 0.49 2.00
8 0.75 0.70 6.67
9 0.12 0.12 0.00
Mean = 2.20
Std Dev = 2.58
*  Mass o f f i l t e r  and p a rt ic le s
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(Mo), and samarium (Sa), produce pu1se-he1ght spectra fo r  elements 
ranging in  atomic number from 13 - 8Z (corresponding to an energy 
range from 1.4 - 32.1 keV) (Dra.ne, et a l . ,  1980; Stevens, et a l . ,  
1978). The fluorescent x-rays re su lt in g  from the sample are detected 
by a l i th iu m -d r i f te d  s i l ic o n  detector.
P a rt icu la te  matter co llected on f i l t e r s  can be considered as th in  
specimens. In analysis of th in  specimens, the concentration or mass 
density  o f  an element is  d i r e c t ly  proportional to  the in te n s ity  o f 
i t s  c h a ra c te r is t ic  x-rays. Using pure element spectra produced from 
standard f i lm s  w ith known deposit mass, mass densities fo r  sample f i l ­
te rs  can be determined by the least-squares f i t  method (Giauque, et 
a l . ,  1974).
The computer code fo r  analyzing the x-ray fluorescence spectra 
was executed under the UNIVAC 1110 operating system. The procedure 
has fou r steps: data c o l le c t io n ,  least-squares f i t ,  corrections and 
conversion to useful dimensions, and user output; and is  described 
more f u l l y  by Drane e t a l.  (1980).
Once the masses per u n it  volume were determined by least-squares 
f i t ,  they were corrected fo r  x-ray attenuation. X-ray attenuation 
can occur by the sample—w ith in  ind iv idua l p a r t ic le s ,  w ith in  layers 
o f p a r t ic le s ,  and w ith in  the f i l t e r  medium in to  which the pa rt ic le s  
might penetrate. A lso, corrections were made fo r  x -ray  l in e  in te r ­
ferences tha t can occur between elements having wavelengths close 
together. At th is  time, corresponding f in e  and coarse mass densities 
(concentrations) were adjusted fo r  the 10 percent f in e  mass collected 
on the coarse f i l t e r  during sampling. I f  the concentration values
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were less than the uncerta inty in  the system, these values were re­
ported to be below the decision l im i t .
S ta t is t ic a l  Analysis
The XRF data were placed on tape and loaded onto the U n ivers ity  
of Montana DEC-20 computer system, FORTRAN and packaged programs,
SPSS and SCSS, were used fo r  s ta t is t ic a l  analyses (N ie, e t a l . ,  1975; 
Nie, e t  a l . ,  1980).
A f te r  d o s e r  examination, the sample day o f May 19, 1980 was 
removed from the data. This sample was co llected on the day a f te r  the 
Mount St. Helens eruption. Since the ash fa l lo u t  had reached Butte, 
Montana by May 19, 1980, th is  day is  an abnormal sample day and w i l l  
be considered separately from the other sample days. The e n t ire  month 
o f June, 1980 was also removed from the data. Values reported were 
very low. Two sample days were June 2, 1980 and June 3, 1980. This 
is  an e rro r  because samples were co llec ted every th i r d  day and never 
on consecutive days. The source o f the e rro r (sampling s i te ,  AQB lab, 
e tc . )  is  unknown. Since the e rro r  could not be corrected, these sam­
ple days were eliminated from the data.
In add it ion , June re f le c ts  the 1980 summer season while Ju ly  
and August re f le c t  the 1979 season. I t  would be in v a l id  to combine 
the three months in to  one summer season because i t  is  not known how 
June, 1980 compares to  June, 1979. With these omissions, 54 sample 
cases remain in the data.
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CHAPTER 4 
RESULTS AND DISCUSSION
The sample f i l t e r s  were analyzed fo r  the elemental composition 
of the fo llow ing  30 elements:
Group A Group ^ Group £
Aluminum Al Chromium Cr Vanadium V
S il ico n Si Cobalt Co Gallium Ga
Phosphorus P Nickel Ni Germanium Ge
S u lfu r S Selenium Se Tin Sn
Chlorine Cl Cadmium Cd Antimony Sb
Potassium K Tungsten W












Concentrations reported to be below the decision l i m i t  implied very 
low values and were recorded as zeros. Group C elements contained 
values tha t were a l l  below the decision l i m i t  ( i . e .  no nonzero values) 
These f iv e  elements, V, Ga, Ge, Sn, and Sb, are not discussed in  th is  
study. Group B elements have less than 50 percent nonzero values.
Annual concentration means, standard dev ia tions , minimum and 
maximum values are shown in Tables 4 and 5. Observations fo r  a l l  con­
centration values can be found in  Appendix A. Concentrations are
O
reported in  nanograms per cubic meter o f  a i r  (ng/m ) and mean values 
are the arithm etic  mean. A l l  elements varied considerably in con-
31




Total Nonzero Cone Std Dev Min Max
Element N N Mean ng/m3 ng/m3 ng/m3 ng/m3
Al 54 53 199.6 150.0 .0 866.9
Si 54 54 465.7 400.2 53.7 2599.9
P 54 54 237.6 479.1 10.5 2700.9
S 54 54 688.0 587.6 141.9 3360.1
Cl 54 54 26.6 18.6 4.8 110.4
K 54 54 151.2 92.7 33.8 573.7
Ca 54 54 239.3 213.6 37.7 1492.2
T i* * 54 3 2.5 11.7 .0 78.0
Mn 54 47 7.8 6 .3 .0 30.0
Fe 54 54 187.4 153.3 18.1 988.3
Cu 54 50 19.7 16.8 .0 100.1
Zn 54 54 64.8 67.3 2.9 316.1
As* 54 30 8.5 16.0 .0 96.7
Br 54 54 56.7 49.1 10.3 228.4
Rb* 54 28 0.6 0.8 .0 3.9
Sr 54 54 3.7 1.4 1.4 11.9
Ba 54 54 48.9 12.3 33.0 96.5
Pb 54 54 250.9 158.6 49.9 739.3
Cr** 54 11 1.2 2.5 .0 9.6
Co** 54 1 0.05 0.4 .0 2.6
Ni** 54 20 1.0 1.5 .0 4.6
Se** 54 14 0.6 1.5 .0 7.2
Cd** 54 15 6.5 14.2 .0 64.4
W** 54 1 0.06 0.4 .0 3.0
Hg**
Fine
54 1 0.07 0.5 .0 3.7
Subtotal
Fine
54 54 2668.8 1482.3 783.7 8111.5
Total 54 54 21140.7 12540.6 6900.0 54800.0
* 5 0 - 7 5  percent nonzero values
* *  less than 50 percent nonzero values




Total Nonzero Cone Std Dev Min Max
Element N N Mean ng/mS ng/m3 ng/m3 ng/m3
Al 54 54 1493.0 1017.6 182.7 4470.5
Si 54 54 3558.2 2260.2 343.3 8905.9
P* 54 29 41.5 47.4 .0 162.0
S* 54 40 195.1 170.6 .0 703.0
Cl 54 46 87.3 193.1 .0 1189.8
K 54 54 492.4 347.6 55.5 1439.8
Ca 54 54 1107.0 803.0 50.1 3490.6
Ti 54 54 64.4 54.3 .0 199.7
Mn 54 51 28.3 20.7 .0 91.8
Fe 54 54 830.9 544.6 79.7 2154.9
Cu 54 54 66.6 56.5 2.8 234.5
Zn 54 53 55.3 38.1 .0 152.9
As* 54 33 3.9 3.9 .0 15.5
Br 54 50 7.7 7.6 .0 39.1
Rb 54 45 3.0 2.3 .0 8.6
Sr 54 54 9.1 4.8 2.6 21.1
Ba 54 54 52.6 13.6 23.1 86.7
Pb 54 54 53.9 39.2 7.5 205.1
Cr** 54 10 0.9 2.0 .0 6.2
Co** 54 15 1.9 3.5 .0 14.7
N i** 54 12 0.6 1.2 .0 4.1
Se** 54 0 0.0 — —“ —
Cd** 54 0 0.0 — —
W* 54 9 0.8 1.7 .0 5.7
Hg** 54 22 1.5 2.1 .0 7.7
Coarse
Subtotal 54 54 8156.2 5259.3 1018.7 21501.7
Coarse
Total 54 54 28896.3 18223.3 3200.0 76000.0
* 5 0 - 7 5  percent nonzero values
* *  less than 50 percent nonzero values
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cen tra tion  as indicated by th e ir  large standard devia tions. Fine and 
coarse to ta l concentrations are included at the bottom o f the table. 
Subtotal concentrations were computed as the sum o f a l l  25 (Groups A 
and B) analyzed elemental concentrations. The to ta l  concentration is  
th is  subtotal plus the concentration o f unknown material not analyzed 
in  th is  study ( i . e .  the to ta l  concentration o f p a r t ic u la te  matter 
co llec ted  on the f i l t e r ) .
Group B elements, as mentioned before, have less than 50 percent 
nonzero values. These elements, Cr, Co, Mi, Se, Cd, W, and Hg, w i l l  
not be analyzed or discussed fu r th e r .  A ll  fu r th e r  analyses were only 
performed on the 18 Group A elements.
Chemical Composition
Studies usually report the chemical composition o f  pa rt icu la te
3
matter in  concentration un its  of ng/m . F luctuations in  elemental 
concentrations may not be re a l,  but caused by a s im i la r  f lu c tu a t io n  
in  the to ta l concentrations. I t  is  useful to "standardize" the data.
For each sample day, the percent subtotal and percent to ta l  fo r  each
element o f the f ine  and o f  the coarse frac tions  were computed as follows
Percent subtotal^
Percent total» .
Table 6 shows the mean values o f  these percentages fo r  each element. 
"Major" elements, comprising more than 1.0 percent o f the subtotal 
concentrations, are A l , S i,  S, K, Ca, Fe, and Ba fo r  the coarse f ra c ­
t io n ,  The f ine  fra c t io n  has the same major elements, but in addition ,
includes P, Cl, Br, and Pb. A ll  the analyzed elements together account
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PERCENT SUBTOTAL AND PERCENT TOTAL
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Fine Mean Coarse Mean
% Subtotal *  % T o ta l** % Subtotal* % Total
Al 8.1 1.1 Al 18.2 5.3
Si 17.1 2.4 Si 43.3 12.4
P 6 .8 0.9 P 0.5 0.1
S 26.8 3.5 S 2.6 0.7
Cl 1.1 0.1 Cl 1.0 0.3
K 5.7 0 .8 K 5.9 1.7
Ca 8.6 1.2 Ca 13.8 3.9
Ti 0.04 0.01 Ti 0.6 0.2
Mn 0.3 0.04 Mn 0.3 0.1
Fe 6.9 1.0 Fe 10.1 3.0
Cu 0.7 0.1 Cu 0 .8 0.2
Zn 0.7 0.1 Zn 0.7 0.2
As 0.3 0.03 As 0.05 0.02
Br 2.3 0.3 Br 0.1 0.03
Rb 0.02 0.003 Rb 0.03 0.01
Sr 0.2 0.02 Sr 0.1 0.04
Ba 2.4 0.3 Ba 1.1 0.3
Pb 9.9 1.2 Pb 0.8 0.2
13.10 28.70
' k i f
*  Subtotal concentration is  the sum o f the 25 {Groups A and 
B) elemental concentrations
* *  Total concentration is  the sum o f subtotal concentration 
plus the concentration o f  a l l  unknown material
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fo r  a mean sum o f 28.7 percent o f the coarse to ta l  sample matter.
These same elements account fo r  only a mean sum o f 13.1 percent o f  
the to ta l -  In comparison to the coarse f ra c t io n ,  the f in e  fra c t io n  
has a greater number o f  major elements and a greater percentage of 
unknown m ate ria l.
Fine and coarse to ta l  concentrations fo r  the sample days were 
corre la ted w ith  the corresponding elemental concentrations (Table 7).
In general, the co e ff ic ie n ts  fo r  the f in e  co rre la t ion s  are smaller 
than those fo r  the coarse. I t  is  reasonable to expect the f in e  e le ­
ments not to corre la te  as well w ith  the to ta l  concentration since they 
make up a smaller percentage o f  the to ta l  concentration.
The mean sums in Table 6 imply tha t the chemical composition o f 
approximately 87 percent o f  the f in e  to ta l sample m a tte r and approxi­
mately 71 percent o f  the coarse to ta l  sample matter i s  unknown. How­
ever, some o f th is  unknown material can be estimated. Substantial 
quan tit ies  o f sodium (Na) and magnesium (Mg) re s u lt in g  from so i l  would 
be contained in the sample p a r t ic u la te  matter (Paciga and Je rv is ,  1976) 
In the atmospheric aerosol, elements most l i k e ly  e x is t  in  compounds 
containing oxygen (0) (oxides). In a d d it ion , these compounds may con­
ta in  water (HgO) (hydrates). Such elements as Na, Mg, 0, and H, can­
not be analyzed by x-ray fluorescence because o f  t h e i r  low atomic 
mass. I t  is  possible, however, to estimate th e i r  r e la t iv e  con tr ibu ­
t io n  to the to ta l sample p a r t icu la te  matter. For example, aluminum 
oxide (Al^O^) contains almost equal mass f ra c t io n s  o f  Al and 0. The 
mean percent to ta l fo r  f in e  Al in Table 6 should thus be adjusted from 
1,1 percent to 2.3 percent to  account fo r  a percent increase due to
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TABLE 7
CORRÉLATION OF ELEMENTAL WITH TOTAL CONCENTRATIONS
Fine^ Coarse**
Coeff R Prob P Coeff R Prob P
Al .182 .093 Al .857 .000
Si .334 .007 Si .928 .000
P .478 .000 P .564 .000
S .549 .000 S .696 .000
Cl . 685 .000 Cl .375 .003
K .669 .000 K .855 .000
Ca .458 .000 Ca .778 .000
Ti .154 .133 Ti .891 .000
Mn .324 .008 Mn .870 .000
Fe .342 .006 Fe .876 .000
Cu .519 .000 Cu .697 .000
Zn .547 .000 Zn .828 .000
As .364 .003 As .552 .000
Br .746 .000 Br .556 .000
Rb .282 .019 Rb .840 .000
Sr .205 .068 Sr .830 .000
Ba -.075 .292 Ba .632 .000
Pb .857 .000 Pb .740 .000
* Fine elemental conc. w ith  f in e  to ta l  conc.
* *  Coarse elemental conc. w ith  coarse to ta l  conc.
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oxygen (89 percent) and to water (18 percent). S im ila r estimates are 
made fo r  the other elements. A l l  o f the analyzed elements together 
w ith these estimates now can account fo r  a mean sum o f approximately 
55 percent o f the coarse to ta l  concentration, and fo r  a mean sum of 
approximately 33 percent o f  the f in e  to ta l  concentration.
The p a r t icu la te  matter sampled in Butte contains more chemical 
species than those analyzed by x-ray fluorescence and estimated above. 
The chemical composition o f about 35 percent o f the coarse to ta l sam­
ple concentration is  s t i l l  un iden tif ied . For the f in e  to ta l  sample 
concentration, th is  percentage is  almost twice as la rge , 67 percent.
I t  is  known tha t the elements studied here compose most o f the mostly- 
insolub le inorganic f ra c t io n  o f the atmospheric po llu tan ts  (Rahn, 1976). 
The two other components are the carbonaceous fra c t io n  and the water- 
soluble io n ic  f ra c t io n .  These components include such po llu tan ts  as 
hydrocarbons, organic compounds, and s u lfa te ,  carbonate, chloride, 
n i t ra te ,  and ammonium ions. Research has shown tha t these a i r  po llu ­
tants are condensed in  f in e  p a r t ic le s  or adsorbed onto th e ir  surfaces. 
I t  is  suggested here tha t although the f in e  f ra c t io n  contains less ma­
te r ia l  composed o f  the analyzed and estimated elemental species than 
the coarse f ra c t io n ,  i t  contains more other a i r  po llu tan ts  that can 
a ffe c t human health and the environment.
Size D is tr ibu tion
A comparison o f the mean concentrations in Tables 4 and 5 shows 
that some elements have la rge r mean concentrations in  the coarse f ra c ­
t io n .  Such elements include A l , S i, Ca, T i ,  and Fe. Elements with 
la rger mean concentrations in the f in e  f ra c t io n  include P, Br, and Pb.
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To study how the elemental concentrations are d is tr ib u te d  into 
the two size f ra c t io n s ,  the ra t io  o f f in e  concentration to combined 
( f in e  plus coarse) concentration was computed fo r  each element fo r  
each sample.day. The means o f these pre ferred-s ize ra t io s  are in Table 
8 . The elements w ith  small ra t io s  (near 0.0) are p re fe re n t ia l ly  found 
in coarse p a r t ic le s .  Elements w ith  large ra t io s  (near 1 .0 ) are mostly 
contained in  f in e  p a r t ic le s .  Sr, C l, Zn, Ba, and As have intermediate 
ra t io s .  The resu lts  in  Table 8 agree well w ith the work of Dzubay and 
Stevens (1975). They found tha t more than 75 percent o f  the S i, Ca,
T i,  and Fe at the sampling s i te  v/as contained in  coarse pa rt ic le s . At 
least 75 percent o f the S, Zn, Br, and Pb was contained in small par­
t ic le s .  In th is  study, however, only 50 percent o f the Zn was con­
tained in  small p a r t ic le s .  The pre ferred-s ize ra t io s  observed here 
support Whitby's bimodal p a r t ic le -s iz e  d is t r ib u t io n  theory tha t e le­
ments are concentrated in  e i th e r  f in e  or coarse p a r t ic le s  (Whitby, et 
a l . ,  1972).
Monthly Variation
Monthly mean concentrations were computed fo r  each element fo r  
the f ine  and coarse f ra c t io n s ,  '.They are given in Appendix B. Seasonal 
means were also determined by grouping the months in to  four seasons 
as fo llows:
Summer Ju ly , August
Fall September, October, November
Winter December, January, February
Spring March, A p r i l ,  May
Analysis of variance tests  were performed by month and by season fo r
each element fo r  the f in e  and the coarse f ra c t io n s .  A comparison of
these resu lts  fo r  months and fo r  seasons showed only minor differences.





( Fi n e ^  ToarseT
0.0 - 0.1 Ti
(.015)
0.1 - 0.2 Al Si Ca Fe Rb
(.138) (.120) (.194) (.191) (.191)
0.2 - 0.3 K Mn Cu
(.269) (.241) (.250)
0.3 - 0.4 Sr
(.313)
0.4 - 0.5 Cl Zn Ba
(.472) (.499) (.484)
0.5 — 0.6 As
(.519)
0.6 -  0.7
0.7 - 0.8 P S
(.732) (.758)
0.8 - 0.9 Br Pb
(.881) (.820)
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Consequently, only the resu lts  fo r  months are reported . Table 9 shows 
these resu lts  of the analysis o f variance by month f o r  the f in e  and th 
coarse frac t ions  fo r  each element. Also, the monthly average concen­
t ra t io n s  fo r  the f in e  and the coarse frac t ions  were p lo t te d  on the same 
graph fo r  each element in  Figures 2 through 19. Time was p lo tted  on 
the x-ax is  and concentration in  ng/m^ was p lo tted  on the y -ax is . Time 
was p lo tted  from the beginning to the end o f  the sampling period (Ju ly  
1979 to May 1980). Notice tha t the concentration sca le  on the v e r t ic a l  
axis varies from element to element.
The hypothesis being tested w ith  the analysis o f  variance is  tha t 
the mean concentration fo r  a given element is  the same from month to 
month. The smaller the p ro b a b i l i ty  value is ,  the le ss  l i k e ly  th is  
hypothesis is  to  be true . For example, i f  the p ro b a b i l i t y  value is  
equal to  or less than 0 . 10, then the monthly concentrations are s ig n i ­
f ic a n t ly  d i f fe re n t  at the 0.10  le v e l.
The analysis o f variance resu lts  in  Table 9 and Figures 2 through 
19 show a general tendency fo r  the average concentrations fo r  each 
element to d i f f e r  from month to month. Most o f  the elements fo r  the 
coarse f ra c t io n  have low p ro b a b i l i ty  values. For the  f in e  f ra c t io n ,  
these p ro b a b il i ty  values are more va r iab le .
An explanation fo r  why the concentration le ve ls  fo r  the 18 e le ­
ments tend to d i f f e r  from month to month is  not e xa c t ly  known. For 
a c loser examination o f  the data, sample day concentration leve ls  as 
well as the monthly averages were p lo tted  on the same graph fo r  the 
coarse to ta l concentration, the f in e  to ta l  concentra tion , and fo r  Al 
and Si concentrations fo r  the coarse fra c t io n  (Appendices C, D, E,
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TABLE 9
ANALYSIS OF VARIANCE BY MONTH


























































FIGURE 3 MONTHLY AVERAGE CONCENTRATIONS OF SILICON
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FIGURE 14 MONTHLY AVERAGE CONCENTRATIONS OF BARIUM
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and F). The sample day f lu c tu a t io n  patterns show several high con­
cen tra tion  le ve ls .  Also, there are several large concentration d i f ­
ferences from one sample day to the next. I t  is  possible that the 
f lu c tu a t io n  patterns are a r t i fa c ts  o f the p a r t ic u la r  sampling period. 
Even i f  they do ind ica te  annual seasonal d iffe rences, the only general 
trend seems to be increased f in e  pa rt icu la te  leve ls  during the w inter. 
The atmospheric aerosol is  influenced by many in te rre la te d  factors. 
More work is  needed to  determine the re la t ionsh ip  between such factors 
and leve ls  o f suspended p a r t ic le s  in Butte.
The pattern o f  f lu c tu a t io n  throughout the sampling period fo r  the 
18 elements in  Figures 2 through 19 show several s im i la r i t ie s .  Simi­
la r  f lu c tu a t io n  patterns fo r  two elements may possib ly r e f le c t  a com­
mon source. With knowledge o f B u tte ’ s in d u s tr ia l and domestic a c t i ­
v i t ie s ,  a study o f which groups of elements have s im ila r  f luc tua tion  
patterns can reveal source categories o f pa rt icu la te  matter in  Butte.
A1, S i,  Fe, K, Mn, T i ,  Rb, Sr, and Cu (Figures 2 -  10) have very 
s im i la r  f lu c tu a t io n  patterns. For a l l  o f these elements, the average 
concentrations in  the coarse f ra c t io n  are greater than those in the 
f in e  f ra c t io n  (noted e a r l ie r  in  Table 8 ) .
Mechanical processes and abrasion re s u lt  in  the release of coarse 
p a r t ic le s  in to  the a i r .  S o i l ,  the main source o f A1, S i, Fe, and T i,  
is  suspended in  the a i r  by the wind, construction work, and by trucks 
and automobiles as road dust (Hammerle and Pierson, 1975; Rahn, 1975; 
Kadowaki, 1979). Copper open-pit mining, ore crushing and concen­
t ra t in g ,  and asphalt batching a c t iv i t ie s  in  Butte can release coarse 
p a r t ic le s  contain ing such elements as A1, S i,  Fe, K, Mn, T i ,  Rb, Sr,
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and Cu. Thus, the concentration levels of these elements found in 
Butte probably re s u lt  from these "s o i l  and ore" a c t iv i t ie s .
Ca (Figure 11) and Cl (Figure 12) also have higher concentration 
leve ls  in the coarse f ra c t io n ,  but show d if fe re n t  f lu c tu a t io n  patterns 
from the previous elements and from each other. Although i t  is  known 
tha t so i l  is  a source o f Ca, the f lu c tu a t io n  pattern o f  Ca does not 
resemble those o f  the "s o i l  and ore" elements (Hammerle and Pierson, 
1975). This suggests th a t besides s o i l ,  one or more other sources of 
Ca e x is t .  The f lu c tu a t io n  pattern o f  coarse Cl shows an increase in 
w in ter w ith a p a r t ic u la r ly  sharp peak in  January. A probable source 
o f the Ca and Cl found in  the coarse f ra c t io n  during the w inter is  
the s a l t  added to so il-co n ta in in g  materials used in  w in te r road main­
tenance. Calcium ch lo r ide  (CaClg) is  added to sand in  about a 20 to
80 percent ra t io  in  Butte (personal communication w ith  the C ity  of 
Butte Street Maintenance Department). A source o f f in e  Cl is  auto­
mobile exhaust (Paciga and Je rv is , 1976).
Zn (Figure 13) and Ba (Figure 14) show about the same concentration
levels in  the f in e  as in  the coarse f ra c t io n .  The f lu c tu a t io n  patterns 
fo r  the coarse f ra c t io n  fo r  both elements resemble those fo r  the "s o i l  
and ore" elements. For th is  reason, i t  is  p lausib le  to  include Zn 
and Ba in  the group o f elements resu lt ing  from "s o i l  and ore" a c t i ­
v i t ie s .  Substantial amounts o f Zn and Ba are contained in the f ine  
f ra c t io n  which implies tha t Zn and Ba also re su lt  from sources of f ine  
p a r t ic le s .  Greenberg et a l. (1978) found that Zn was contained in 
f in e  p a r t ic le s  re su lt in g  from municipal inc inera tion  and refuse burn­
ing ( i . e .  combustion processes). A source o f f in e  Ba has not been
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id e n t i f ie d .
Two elements th a t show higher concentration leve ls  in  the f in e  
f ra c t io n  and have s im i la r  f lu c tu a t io n  patterns are S (Figure 15) and 
As (Figure 16). Fine p a r t ic le s  released by combustion sources are 
known to contain S and As (C rece lius, et a l.»  1980). In Butte, d ie ­
sel trucks used in  open-pit mining, an ore concentrator, asphalt batch­
ing p lan ts , a tepee burner, gasoline engines, inc ine ra to rs , and re s i ­
den tia l combustion devices are the major processes invo lv ing com­
bustion. Another possible combustion source is  S tau ffe r Chemical 
P lant located s ix  miles west o f  Butte. The f lu c tu a t io n  patterns fo r  
S and As show peaks in  November and March. The f lu c tu a t io n  pattern 
of Zn also has these two peaks, although i t  has an add itiona l peak in 
January. However, not enough information is  ava ilab le  on the emissions 
o f B u tte ’ s combustion sources to account fo r  the increased leve ls  o f 
5, As, and Zn during November and March. As can also be contained in 
ore m ateria ls. The coarse f lu c tu a t io n  pattern fo r  As does somewhat 
resemble those o f the " s o i l  and ore" elements.
Pb (Figure 17), Br (Figure 18), and P (Figure 19) also have 
higher concentration leve ls  in  the f in e  fra c t io n  than in  the coarse 
f ra c t io n .  Pb and Br have very s im i la r  f luc tu a t io n  patterns. Auto­
mobile exhaust is  probably the exclusive source of Pb and Br in  Butte. 
The major con tr ibu to r to  P leve ls is  probably S tau ffe r Chemical Plant 
ju s t  west o f Butte. A l l  three elements, Pb, Br, and P, have increased 
concentration leve ls  during the w in ter months. I t  is  not l i k e ly  tha t 
automobile use g rea tly  increases during the w in te r, and the phosphorus 
p lan t operates on a year-round basis. One explanation fo r  th is  w in te r
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peak may be the increased occurrence o f  inversions in  the Butte va lley . 
Invers ions, by keeping a i r  trapped, allow a i r  p o l lu ta n ts  to accumu­
la te  in  the airshed.
To summarize, the coarse and f in e  f ra c t io n  f lu c tu a t io n  patterns 
on a monthly basis suggest the fo llow ing  source ca tegories :
Coarse
Soil and Ore A c t iv i t ie s  A1, S i,  Fe, K, Mn, T i ,  Rb,
Sr, Ca, Cu, Zn, Ba, As
Winter Sa lting  Procedures Ca, Cl
Fine
Combustion Processes Zn, S, As
Unknown Source Ba
Automobile Use Pb, Br, Cl
Phosphorus Production P
Source Id e n t i f ic a t io n
M u lt iva r ia te  s ta t is t ic a l  techniques such as fa c to r  analysis and 
principal-component analysis have been used to id e n t i f y  or confirm 
p o l lu t io n  sources o f  p a r t icu la te  matter.
A high co rre la t ion  between two elements has o f te n  been taken to 
ind ica te  a common source o f o r ig in  (Struempler, 1975). Because the 
atmospheric aerosol is  influenced by many fac to rs ,  t h is  may not be 
true . For example, meteorological conditions may modulate a l l  atmo­
spheric concentrations a l ike  and cause high c o rre la t io n s  between e le ­
mental species (Brar, et a l . ,  1970; Hammerle and P ierson, 1975). The 
m u lt iv a r ia te  techniques are based on the co rre la t io n  c o e f f ic ie n t  mat­
r i x  fo r  elemental concentrations. However, ra the r than simply exam- 
ing the co rre la t ion  m atr ix , these techniques use a more sophisticated 
s ta t is t ic a l  treatment o f the m atr ix .
Factor analysis has been increas ing ly  used in  stud ies of p a r t i ­
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culate matter to study the in te rre la t io n sh ip s  among elemental species 
(Hopke, e t a l . ,  1976; Gaarenstroom, e t a l . ,  1977: Kleinman, et a l . ,  
1980). Factor analysis is  based on the assumption th a t  the covaria­
t io n  among many variab les can be explained by a smaller number o f un­
derly ing fac to rs .  The concentration f o r  each element is  expressed as 
a l in e a r  combination o f m underlying fac to rs  (F ‘ s) common to a l l  e le­
ments and a unique fa c to r  (U) fo r  each element. For an a rb it ra ry  e le ­
mental concentration j ,  the l in e a r combination is  represented as 
fo llow s:
"  ^ jl^ l  ̂ ^32^2 + + ĵm'̂ m *
The c o e f f ic ie n ts  in  the above equation are ca lled loadings and are the 
co rre la t ion  co e ff ic ie n ts  between the observed variab le  and the fa c to r .  
Loadings can range from -1 .0  to 1.0. The hypothetical factors are 
chosen so tha t the corre la tions  among observed variab les can be repro­
duced as well as possible by only a few fac to rs . Factors are given 
physical in te rp re ta t io n  by determining which elements have high load­
ings on them.
Another m u lt iva r ia te  analys is , principal-component analysis, was 
used in th is  study. Whereas fa c to r  analysis summarizes the data in  
terms o f a hypothetical causal model, principal-component analysis 
performs a l in e a r transformation o f  observed data. In doing so, p r in ­
cipal-component analysis does not requ ire  imposing a causal model.
In th is  study, the elemental concentrations are observed variables. 
This set o f observed variables is  transformed in to  a smaller set of 
variab les , ca lled fac to rs , which are l in e a r  combinations of the n 
observed variab les as fo llow s:
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Principal-component analysis was done using the SCSS Conversa­
t ion a l System (Nie, e t a l . ,  1980). Three steps are involved. F irs t ,  
the co rre la t ion  c o e f f ic ie n t  matrix fo r  the 18 elemental concentrations 
is  computed. Second, i n i t i a l  fac to rs  are extracted. The f i r s t  fac to r 
is  th a t l in e a r  combination o f  elements which explains more o f the v a r i ­
ance in  the data than any other l in e a r  combination. The second fac­
to r  explains more o f the remaining variance than any other l in e a r com­
bination. The fac to rs  generated in th is  way are uncorrelated with one 
another. Factors are extracted u n t i l  a large percentage of the to ta l 
variance is  explained. Usually, a small number of factors is  required. 
Th ird , extracted fac to rs  are rotated using the orthogonal varimax ro­
ta t io n .  Rotation makes the factors easier to  in te rp re t  because i t  
tends to cause loadings to be e i th e r  high or low w ith  few medium 
loadings.
In th is  study, principal-component analysis was performed on both 
the f in e  and the coarse co rre la t ion  matrices. For the f in e  f ra c t io n ,  
f iv e  fac to rs  were extracted. The f iv e  fac to rs  explain 89.5 percent of 
the variance. Five fac to rs  were also extracted fo r  the coarse frac t ion . 
They explain 94.7 percent o f  the variance. Rotated loadings fo r  both 
the f in e  and the coarse fra c t io n s  are given in  Appendix G. Table 10 
shows those elements w ith  rotated loadings 0.6  or above in absolute 
value fo r  the f in e  f ra c t io n .  Those elements w ith rotated loadings 
0.6 or above in  absolute value fo r  the coarse f ra c t io n  are also shown. 
A l l  o f these loadings were po s it ive . The percent va r ia t ion  in the 
co rre la t io n  matrix explained by each fac to r  is  included in Table 10.
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The in te rp re ta t io n  o f  a fac to r  can be made by examining which
elements have high loadings on tha t fac to r. The f iv e  factors fo r  both
the f in e  and the coarse frac t io ns  can be in te rpre ted as fo llow s:
Factor 1 -  So il and Ore A c t iv i t ie s  
Factor 2 - Combustion Processes
Factor 3 - Automobile Use
Factor 4 -  Phosphorus Production
Factor 5 -  Unknown Source of Ba
For example, fa c to r  3 is  in te rpre ted  as "automobile use" because only 
the elements, Pb, Br, and Cl, have high loadings on i t .
The principal-component analysis resu lts  seem to ind ica te  th a t 
several sources o f Zn, Ba, and Cu e x is t  in Butte since these elements
have high loadings on more than one fa c to r .  E a r l ie r ,  the f lu c tu a t io n
patterns fo r  Zn, Ba, and Cu had shown th a t these elements might re s u lt  
from the so i l  and ore. The resu lts  fo r  principal-component analysis 
also ind icate  th is  s o i l  and ore source fo r  Zn, Ba, and Cu. Factor 1 
(s o i l  and ore) fo r  the coarse f ra c t io n  has a high loading fo r  Zn (.732) 
and re la t iv e ly  high loadings fo r  Ba (.461) and fo r  Cu (.501). Ba and 
Cu were not l is te d  on th is  coarse fa c to r  1 in  Table 10 simply because 
th e ir  loadings were less than 0.6. In addition to the so i l  and ore,
Zn is  contained in  f in e  p a r t ic le s  re su lt in g  from combustion processes 
( f in e  and coarse fa c to r  2) and phosphorus production ( f in e  fa c to r  4).
Ba has a high loading on fa c to r  5 fo r  the f in e  and the coarse frac t ions , 
This a d d it ion a l,  unknown source o f Ba was detected e a r l ie r .  Cu has a 
high loading on fa c to r  2 fo r  the f in e  and the coarse f ra c t io n s . Be­
sides resu lt in g  from the s o i l  and ore, Cu also seems to  re su lt  from 
combustion processes.
Principal-component analysis id e n t i f ie d  the sources in Butte tha t 
con tr ibu te  to p a r t ic u la te  matter containing the 18 elements. The
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re su lts  agree well with those obtained by examining the monthly f lu c ­
tua tion  patterns of these elemental concentrations. The sources and 
the elements associated w ith  them are as fo llow s:
Soil and Ore A c t iv i t ie s  A1, Si» Fe, K, Mn, T i ,  Rb,
Sr, Ca, Cu, Zn, Ba
Combustion Processes Zn, S, As, Cu
Automobile Use Pb, Br, Cl
Phosphorus Production P, Zn
Unknown Source Ba
Pred iction o f  Total F i l t e r  Concentration
Comparisons o f monthly f lu c tu a t io n  patterns and p r in c ip a l -  
component analysis resu lts  id e n t i f ie d  sources o f p a r t ic u la te  matter 
in  Butte. Principal-component analysis reduced the data to f iv e  fac­
to rs  which are l in e a r  combinations o f  the 18 elements and uncorrelated 
w ith  one another. These fac to rs  were used to te s t  how we ll they pre­
d ic t  the to ta l concentration o f p a r t icu la te  matter co l le c te d  on the 
sample f i l t e r s .  The f iv e  fac to rs  o f the f in e  and o f  the coarse f r a c ­
t ions  were used in  separate regression analyses. Dependent variables 
fo r  the f in e  independent and the coarse independent va r iab les  ( fac to rs ) 
were f in e  to ta l concentration and coarse to ta l concentra tion , res­
pec tive ly .
Results o f the stepwise regression analyses are shown in  Table
2
11. Since the fac to rs  are not corre la ted , the R values are the exact 
amounts o f  the va r ia t io n  in  to ta l  concentrations explained by each of 
the fac to rs . The order in which the fac tors  entered the equation d i f f e r  
fo r  the two regression analyses. For the f in e ,  the automobile use 
fa c to r  explains the most va r ia t io n  in the f in e  to ta l concentration, 53 
percent. The combustion fa c to r  explains an add itiona l 18 percent.
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The phosphorus fa c to r  explains 11 percent and the so il and ore factor 
entered la s t ,  expla in ing about 5 percent o f the va r ia t io n  in f ine  to ­
ta l concentration. The Ba fa c to r  did not enter in to  the prediction 
model because no substantia l improvement in  the explained variance 
could be made by adding th is  Ba fa c to r .  The order in which the fa c ­
to rs  entered the coarse regression equation was so i l and ore {55 per­
cen t), combustion (10 percent), phosphorus (9 percent), automobile 
use (6  percent), and the unknown Ba source (2 percent).
These regression analyses show differences between the f in e  and 
coarse f ra c t io n s .  These d ifferences are expected, however, in view 
o f the p a r t ic le -s iz e  d is t r ib u t io n  o f  the elements. The so i l and ore 
elements such as A1, S i, K, Ca, T i ,  Mn, Fe, Rb, and Sr are concentrated 
in  coarse p a r t ic le s .  The fa c to r  w ith  high loadings of these elements 
would be expected to be the best p red ic to r fac to r  fo r  the coarse to ­
ta l  concentration. The automobile use fac to r  with high loadings of 
elements, Pb, Br, and C l, probably explains the most va r ia t ion  in the 
f in e  to ta l  concentration because i t  contains the elements concentrated 
in  f in e  p a r t ic le s .  The f in e  and the coarse prediction models explain 
approximately 88 percent and approximately 83 percent o f the variance, 
respective ly . Although the 18 elemental concentrations together make 
up only a f ra c t io n  o f the f in e  and the coarse to ta l concentrations 
(Table 6 ) ,  these elemental concentrations do well in explaining the 
v a r ia t io n  in  to ta l  concentrations. This re f le c ts  e a r l ie r  results that 
each of the elements corre lated well w ith to ta l concentrations (Table 7)
Of in te re s t  in characteriza tion  studies of suspended particu la te  
matter is  the re la t iv e  con tr ibu tion  o f each id e n t i f ie d  source to the
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to ta l  p a r t icu la te  matter. The regression analysis can show the re­
la t iv e  proportions o f the va r ia t ion  in the f in e  and the coarse to ta l 
concentrations tha t can be explained by each o f the id e n t i f ie d  source 
fac to rs . Unfortunate ly, however, th is  s ta t is t ic a l  technique is  un­
able to determine q u a n t i ta t iv e ly  the re la t iv e  contributions o f these 
sources to  the to ta l  p a r t icu la te  matter in the a i r .
Composition o f Volcanic Ash
The sample f i l t e r  p a ir  co llected on May 19, 1980 is  an abnormal 
case and was removed from the data. On the previous day. May 18, 1980, 
Mount St. Helens ( in  Washington state) erupted. The volcanic ash 
spread out and trave led hundreds o f miles in  an easterly  d irection 
and had reached Butte by the fo llow ing  day. A study o f  the f ine  and 
the coarse fra c t io n s  o f the pa rt icu la te  matter sampled on May 19, 1980 
provides an in s ig h t  in to  the elemental composition of volcanic ash.
For the May 19, 1980 sample day, the elemental concentrations, 
the number o f standard deviations away from the mean o f the other 
sample days (Tables 4 and 5), and the percent to ta ls  can be found in 
Appendix H. Several elements in  the f in e  and the coarse fractions 
have abnormally high concentrations and are shown in Table 12.
In a normal d is t r ib u t io n ,  the mean represents the peak height 
and the standard deviation determines the spread o f the d is tr ib u t io n .  
For a normal d is t r ib u t io n ,  approximately 68 percent o f a l l  values are 
w ith in  one standard deviation of the mean, approximately 95 percent 
are w ith in  two standard devia tions, and approximately 99.7 percent 
are w ith in  three standard deviations. An observation tha t is more 
than three standard deviations from the mean is  not very l ik e ly  to
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PARTIAL COMPOSITION OF MAY 19. 1980 SAMPLE
Conc in  ng/m3* Conc Mean**
Fine (May 19, 1980) (other days) # Std Dev***
A1 961.5 ( 3.3 %) 199.6 ( 1.1 %) 5.1
Si 3226.7 (11.1 %) 465.7 ( 2.4 %) 6.9
Ti 39.5 ( 0.1 %) 2.5 ( 0.01%) 3.2
Fe 682.2 ( 2.4 %) 187.4 ( 1.0 %) 3.2
Sr 11.3 ( 0.04%) 3.7 ( 0.02%) 5.4
Conc in ng/m3* Conc Mean**
Coarse (May 19. 1980) (other days) # Std Dev***
A1 6302.0 ( 6.4 %) 1493.0 ( 5.3 %) 4.7
Si 16347.8 (16.6 %) 3558.2 (12.4 %) 5.7
Ti 274.6 ( 0.3 %) 64.4 ( 0.2 %) 3.9
Sr 32.2 ( 0.03%) 9.1 ( 0.04%) 4.8
Ba 104.9 ( 0,1 %) 52.6 ( 0.3 %) 3.8
*  Conc. fo r  May 19, 1980; parentheses contain the value of
the percent to ta l 
* *  Gone, mean o f  other sample days; parentheses contain the 
value of the percent to ta l 
* * *  Number o f  standard deviations above the conc. mean of 
other sample days
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belong to the d is t r ib u t io n  with tha t mean.
Elements w ith concentration values more than th re e  standard de­
v ia t ion s  above th e i r  means fo r  other sample days are A1 , S i, T i ,  Sr, 
and Fe fo r  the f in e  f ra c t io n  and A1, S i, T i ,  Sr, and 3a fo r  the 
coarse fra c t io n .  Fruchter et a l .  ( 1980) and Vossler e t  a l .  (1981) 
found tha t these elements were associated w ith  the vo lca n ic  ash from 
Mount St. Helens. M ine ra log ica lly ,  samples taker? from the eastern 
part o f the a ffected area (Spokane, Pullman, Missoula) were approxi­
mately 80 percent glass w ith  the remaining f ra c t io n  cons is t ing  la rge ly  
of fe ldspar w ith  minor pyroxene (Fruchter, e t a l . ,  1980).
The percent to ta l  values fo r  these elements and the  correspond­
ing mean percent to ta ls  fo r  the other sample days are compared in 
Table 12. For the f in e  f ra c t io n ,  a l l  the elements c o n tr ib u te  an in ­
creased percentage to  the to ta l  concentration. For th e  coarse f ra c ­
t io n ,  however, the percent to ta ls  are re la t iv e ly  unchanged. In 
Appendix H, the sum concentration of the 18 elements f o r  the May 19, 
1980 sample is  approximately the same fo r  the f in e  and the coarse 
f ra c t io n s ,  about 25 percent of the f in e  to ta l concentra tion and about 
29 percent of the coarse to ta l  concentration. The re s u l ts  here sug­
gest tha t the processes in  a volcanic eruption produce both f in e  and 
coarse p a rt ic le s  contain ing A1, S i, T i ,  and Sr. This seems to agree 
w ith  Fruchter e t a l .  (1980) who found tha t the p a r t ic le -s iz e  d is ­
t r ib u t io n  o f the volcan ic ash was bimodal. There seems to be at least 
two types o f m a te r ia l,  old material from the outer s t ru c tu re  of the 
volcano and fresh magmatic material (Fruchter, et a l . ,  1930).
Over one m i l l io n  people were exposed to the in h a la t io n  of ash.
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In order to study the po ten tia l o f the ash to cause pulmonary in ju ry ,  
children in  Missoula were tested fo r  pulmonary function  a f te r  the 
Mount St. Helens eruption (Johnson, et a l . ,  1981c). Children's pul­
monary function tes ts  did not show a s ig n if ic a n t  decrease a f te r  ash 
exposure. Generally, a l l  ch ild ren  took precautions to  minimize ash 
exposure by remaining indoors or wearing some form o f  fa c ia l covering 
when outdoors. Johnson e t  a l .  (1981c) a t tr ib u te d  th is  lack of adverse 
health e ffec ts  from the ash e i th e r  to the pro tective precautions taken 
by the ch ild ren or to the lack of to x ic  pulmonary e f fe c ts  from short­
term ash exposure. A lso, in  v i t r o  b io log ica l tests  showed the ash to 
be nontoxic to a lveo la r macrophages which are an important part o f 
the lung 's natural c lear ing  mechanism (Fruchter, e t a l . ,  1980). Be­
cause i t  is  d i f f i c u l t  to  re la te  exposure levels in v i t r o  to inhala­




The mean f in e  phosphorus (P) concentration is  237.6 ng/m . With 
a large standard devia tion o f  479.1 ng/m^, the phosphorus concentra­
t io n  varies considerably from one sample f i l t e r  to the next w ith in  
the range of 10.5 -  2700.9 ng/m^. I t  is  very unusual to see reported 
values fo r  P above 100 ng/m^ (personal communication w ith  William 
Courtney of Northrop Services, In c . ) .  In th is  study, about 30 per­
cent o f the concentration values fo r  the sample days are greater than
q 3
100 ng/m ; and of these, one th i rd  are greater than 1000 ng/m
(Appendix I ) .
The most probable source of P in the f in e  f ra c t io n  is  the ele-
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mental phosphorus plant (S tau ffe r Chemical Plant) located six miles 
west o f Butte. No other major sources can be id e n t i f ie d .  1+ is im­
portant to discuss the fac tors  which a f fe c t  the high concentration 
leve ls  seen in 30 percent o f Butte sample days, and which make the phos­
phorus p lan t a s ig n i f ic a n t  p o l lu t io n  source. Since the P is pro­
duced outside the c i t y  o f Butte, meteorological conditions might 
in fluence the amount o f P reaching the sampling s ite .  Besides P con­
cen tra tions , Appendix I also reports meteorological fac to rs , preci­
p i ta t io n ,  wind speed, and wind d ire c t io n ,  fo r  the 54 sample days.
P re c ip ita t io n  ( in  inches), wind speed ( in  knots), and wind 
d ire c t io n  ( in  degrees from true north) were each corre lated with f in e  
P concentration. The only co rre la t io n  s ig n i f ic a n t ly  d i f fe re n t  from 
zero (a t the 0.05 le ve l)  is  between wind speed and P concentration.
This co rre la t io n  is  negative ( r  = -.554). I t  can be concluded tha t 
when wind speed decreases, the P concentration increases. The wind 
acts as a transporter and d i lu te r  o f  a i r  po llu tan ts  (McDonald and 
Duncan, 1979). When the wind is  calm, a i r  po llu tan ts  are not blown 
out o f the va lle y ,  but tend to accummulate in  the a i r .  Although 
wind d ire c t io n  is  not h igh ly  corre la ted with P concentration, the 
p re va il in g  winds do come in to  Butte from a west-southwesterly 
d ire c t io n .
The phosphorus p lan t seems to be the major con tr ibu to r to Butte 's  
phosphorus leve ls . The p reva il ing  winds move the f ine  pa rt ic les  con­
ta in in g  P in to  the va lley  and the level reported fo r  a given day is  
re la ted to how fa s t  the wind trave ls  (how often the a i r  in the va lley  
is replaced). The four highest leve ls  did occur during the winter
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months when inversions frequently trap po llu tan ts  in the airshed 
(Appendix I ) .  A regression equation of f in e  P concentration with 
the three meteorological factors can account fo r  only 37.3 percent 
o f the va r ia t io n  in P concentrations. Other p lausib le  explanations 
fo r  the va r ia t io n  in  f in e  P leve ls  have not been found.
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CHAPTER 5 
SUMMARY
An examination o f  the chemical composition of the f in e  and the 
coarse fra c t io n s  o f suspended p a r t ic u la te  matter in  Butte, Montana 
led to several conclusions.
The f in e  and the coarse frac t ions  both contained low concen­
t ra t io n  leve ls  o f V, Ga, Ge, Sn, Sb, Or, Co, Ni, Se, Cd, W, and Hg.
In general, most values were below the decision l im i t  o f the x-ray 
fluorescence spectrometer.
A large percentage o f the suspended p a rt icu la te  matter in  the 
f in e  and the coarse f ra c t io n s  was not analyzed by x-ray fluorescence. 
Furthermore, the f in e  f ra c t io n  contained a greater percentage o f un­
known (unanalyzed) m a te ria l.  However, some o f the unknown material 
could be assumed to be Na and Mg (s o i l  elements), 0 ( in  oxide com­
pounds w ith  the elements), and 0 and H (water in  hydrated compounds). 
Their re la t iv e  added contribu tions to the f in e  and the coarse to ta l  
concentrations were estimated. Even w ith  these added con tr ibu tions , 
approximately 67 percent of the f in e  to ta l  concentration, as compared 
to approximately 35 percent o f the coarse to ta l  concentration, re ­
mains u n id e n ti f ie d .
Differences in  source types re f lec ted  d ifferences in which e le ­
ments concentrated in the f ine  and the coarse f ra c t io n s . P, S, Pb, 
and Br resu lted from high energy, high temperature systems and were
concentrated in the f in e  fra c t io n .  Elements resu lt in g  from mechanical
70
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processes and p re fe re n t ia l ly  contained in coarse p a r t ic le s  were A1,
S i,  K, Ca, T i ,  Hn, Fe, Rb, and Sr. Elements re s u lt in g  from both 
types o f sources were Cu, C l, Zn, Ba, and As, and genera lly  showed 
about equal concentrations in the f in e  and the coarse f ra c t io n s .
The spe c if ic  major sources o f inhalable suspended p a r t ic le s  in 
Butte were id e n t i f ie d .  Soil and ore materia ls are sources of A1, S i, 
Fe, K, Mn, T I,  Rb, Sr, Ca, Cu, Zn, Ba, and As. Coarse p a r t ic le s  con­
ta in in g  these elements are suspended in Butte 's  airshed by the wind, 
construction, veh icu la r a c t iv i t y ,  open-pit mining, hot-m ix asphalt 
batching, and ore crushing and concentrating. Combustion processes 
are sources o f Zn, S, As, and Cu. In Butte, diesel t ru c k s ,  gasoline 
engines, inc in e ra to rs , res iden tia l combustion devices, and Stauffer 
Chemical Plant a l l  involve combustion processes. Pb, B r, and Cl in 
f in e  p a r t ic le s  re s u lt  from domestic automobile use. S ta u ffe r  Chemical 
P lant, the elemental phosphorus p lan t,  is  located s ix  m iles west of 
Butte and is  the probable source of P leve ls found in  the f in e  f r a c ­
t io n .  Phosphorus production also seems linked to  le v e ls  o f  f in e  Zn. 
Another source o f Ca and Cl ( in  coarse p a r t ic le s )  was detected. Ca 
and p a r t ic u la r ly  Cl showed increased leve ls during the w in te r which 
suggests the s a l t  used in  w inter road de-ic ing as the possib le source. 
Ba seems to  re s u lt  from an ad d it io n a l,  but ye t u n id e n t i f ie d  source.
The "automobile use" source accounted fo r  more than 50 percent 
o f the va r ia t io n  in  f in e  to ta l  concentration, while the " s o i l  and ore" 
source accounted fo r  more than 50 percent o f the v a r ia t io n  in  coarse 
to ta l  concentration. However, the re la t iv e  q u a n t i ta t iv e  con tr ibu tion  
o f each of the id e n t i f ie d  sources to the to ta l p a r t ic u la te  concentra-
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t io n  could not be determined.
This study showed tha t source type affected p a r t ic le  size which, 
in  tu rn , affected chemical composition. Both in d u s tr ia l  and domestic 
sources were id e n t i f ie d  and found to contribute to suspended pa rt icu ­
la te  p o l lu t io n .  Although much work has already been done, there is 
a continued need to study suspended pa rt icu la te  matter in  size frac­
t io n s . Research on inha lab le suspended p a rt ic le s  should emphasize 
the fo llow ing  methods:
1) operating sampling devices tha t can separate suspended pa rt ic les
in to  size fra c t io n s  on a more routine basis
2) using several measuring techniques on the same set o f samples,
so tha t a la rger percentage of sample p a rt icu la te  matter can 
be analyzed chemically. More complete analyses should include 
the determination of to ta l and organic carbon, and anionic species,
3) determining the chemical composition o f p a r t icu la te  emissions from
spe c if ic  sources to help in  id e n t i fy in g  sources in  a given area
4 ) developing s ta t is t ic a l  techniques to determine q u a n t i ta t iv e ly  the
re la t iv e  con tr ibu t ion  o f each source to the to ta l  pa rt icu la te  
matter.
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APPENDIX A 
ELEMENTAL CONCENTRATION VALUES IN NG/M  ̂
FOR ALL 54 SAMPLE DAYS
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L'AT: S i  A 1ÜT ' - I  ,V iOJ- ’ lf . I JTCO^ AOJCnn : L F ALC
10 15 79 2 143U0 1033 13100 4Ô91 136 7 7 9
10 27 7 9 2 IbnUD 17 96 17500 5 897 1 39 1 130
10 9 79 2 1 350  3 3076 3 1 4 00 9 4 5 7 204 2 0 9 3
9 30 79 2 1 4 30 0 .2459 2 980 0 8595 274 17 97
9 24 79 2 2 1 70 0 41 3C 3 4800 1 19 1b 393 2 6 0 3
9 12 79 2 129U0 2 3 9 6 2 6 2 0 0 3 43 9 2 12 1 6 1 3
11 2 7 9 2 37UUÜ 3624 T37O0 1 2 05 9 306 2 5 4 6
11 14 79 2 38 80 0 3 775 5 9 7 00 2 0 3 3 7 319 3 9 3 7
11 8 79 2 3 5 1 0 0 5 2 2 9 314 00 9 5 2 6 49 1 7 5 5
11 11 7 9 2 2 1 3 0 0 214 6 1 3 7 0 0 6 263 65 1 0 7 1
9 18 79 2 2 0 8 0 0 3 / 5 7 7 1 9 0 0 2 0 3 6 9 415 4 47 1
11 26 79 2 2 5 0 0 0 1707 2 3 7 0 0 7 6 18 131 1 2 5 4
2 3 30 3 9 7 0 0 8 19 3 2 00 1 1 0 4 72 2 1 0
2 15 80 3 1 6 2 0 0 1 13 6 3400 10 42 69 2 2 4
2 27 80 3 2 4 0 0 0 2 162 3 1 7 00 1 069  3 1 59 2 0 8 2
3 4 80 4 1 1 5 0 0 2 154 2 0 5 0 0 469 4 92 8 2 8
3 1 80 4 2 1 3 0 0 2 3 15 3 3 2 0 0 1 0 8 1 2 194 1 8 8 1
3 7 80 4 420U0 5 3 6 4 6 2 0 0 1762 0 3 3 4
4 24 80 4 1 2 9 0 0 2 117 2 7 8 0 0 8827 2 09 1 6 5 7
4 18 80 4 3 6 5 0 0 8 112 O5400 1 802  9 867 3 7 2 6
4 12 80 4 1 7 1 0 0 2 4 42 3 0 7 0 0 8343 1 7 6 1 5 2 3
4 3 80 4 2 1 3 0 0 2 8 3 8 2 9 10 0 6 111 202 1 5 2 7
4 30 80 4 3 80 0 12 8 C 9 900 2 7 4 3 1 49 46 0
3 25 80 4 1 1 6 0 0 1546 2 0 9 0 0 4 5 6 5 136 8 1 0
3 31 80 4 6 9 0 0 1 123 1 6 3 0 0 1 6 7 4 101 2 70
2 21 30 3 1 6 6 0 0 2381 8 300 2 4 3 0 44 3 3 5
1 7 80 3 3 2 2 0 0 5 0 2 6 1 5 0 0 0 1 3 6 4 0 75 3 1 9 3
5 26 80 4 7 4 0 0 7 8 4 1 3 4 0 0 2 273 1 0 4 4 61
5 9 30 4 7 90 0 9 4 4 3 0 0 0 1 703 105 3C4
5 6 90 4 I 5 2 0 Ü 1333 1 7 2 0 0 4 35  3 133 8 99
5 3 80 4 9 2 0 0 1 561 8 6 0 0 2 7 9 5 1 27 5 9 5
8 10 79 1 1 6 2 0 0 2 6 0 3 3 2 5 0 0 8 5 1 2 2 4 3 1 4 1 5
8 16 79 1 1 2 5 0 0 2 09 6 2 5 3 0 0 6 7 03 1 6 5 1 1 1 6
8 4 79 1 1 3 9 0 0 2 733 3 7 7 0 0 9 7 12 363 1 711
9 6 79 2 9 7 0 0 1 8 2 5 3 0 2 0 0 9711 2 3 7 1 8 3 2
10 3 79 2 1 8 6 0 0 3 2 5 4 3 4 1 0 0 1 1 1 8 2 2 8 0 1 8 2 6
8 28 79 1 9 20 0 1 409 l^SUO 4 2 4 4 1 2 5 7 0 8
8 22 79 1 1 1 6 0 0 2 243 2 8 4 0 0 7 4 9 7 . 139 1 3 3 8
1 13 80 3 1 2 9 0 0 7 8 4 3 3 00 1 0 1 9 73 1 3 3
2 9 80 3 4 7 6 0 0 5447 4 2 6 0 0 1 4 0 7 2 1 7 9 1 8 7 9
10 18 79 2 1 4 3 0  0 1805 2 2 7 0 0 6 5 7 8 167 1 0 3 1
1 19 80 3 3 1 2 0 0 2 1 7 5 2 0 9 0 0 7 0 6 4 1 00 1 1 6 7
1 22 80 3 5 4 8 0 0 5 5 6 4 2 3 0 0 0 8 3 4 4 1 6 6 1 4 3 2
7 11 79 1 1 6 2 0 0 2 7 0 6 691UÜ 1 3 0 9 5 311 2 3 3 5
7 c; 79 1 1 2 5 0 0 2345 523U0 1 0 7b b 2 6 6 1 8 6 3
7 17 79 1 1 6 50 0 2 9 7 7 6 6 9 0 0 1 5 1 9 4 327 2 8 0 4
7 23 7 9 1 2 1 4 0 0 2862 1 8 9 0 0 5 8 7 7 7 2 5 97 8
7 2 9 79 1 1 2 0 0 0 1 8 8 5 1 9 2 0 0 6 2 4 2 1 4 0 1 0 5 2
12 2 79 3 1 4 1 0 0 1073 2 1 7 0 0 4 1 2 3 1 J2 6 2 5
12 20 79 3 4 89 0  0 39 24 5 4 5 0 0 1 7 1 3 6 2 52 2 5 1 6
12 23 79 3 2 1 2 0 0 1343 1 1 9 0 0 1 0 6 0 103 2 29
12 26 79 3 2 2 2 0 0 2 438 3 3 2 0 0 3 9 3 4 1 6 8 5 9 7
12 29 79 3 47 -luu 5C34 4 4 3 0 0 1 3 9 6 3 177 213 4
1 4 h O 3 51 -iJO 3 924 7 5 000 2 1 5 0 2 277 3 4 3 2
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
D' «T: 35! A 9 I F SI c Pr ?C Sr SC
10 15 7 9 234 16 81 h7 23 332 153
10 27 79 2 2b3 2457 31 0 2 59 241
10 9 79 2 644 42ol 217 0 895 2129 30 79 2 6 6 8 3930 40 26 344 191
9 24 79 2 1097 5242 87 40 751 247
9 12 79 2 433 3/15 117 3:^ 684 133
11 2 79 2 789 5091 3 4 2 -r» 772 353
11 14 79 2 8 47 8299 140 76 422 587
11 8 79 2 392 38 73 1279 0 1955 0
11 11 79 2 199 2492 210 0 747 203
9 18 7 9 2 1093 8724 69 87 515 485
11 26 79 2 193 3103 49 0 360 272
2 3 80 3 7 9 444 61 0 229 61
2 15 80 3 7 9 415 11 0 564 0
2 27 80 3 466 43 7 C 84 28 334 283
3 4 30 4 189 1862 4o7 0 563 182
3 1 80 4 485 4563 39 0 495 155
3 7 80 4 131 764 602 0 3360 0
4 24 80 4 535 3785 21 0 647 226
4 18 80 4 2 500 75o7 531 0 476 300
4 12 80 4 457 3899 3 4 0 939 0
4 3 80 4 63 9 3556 21 0 925 0
4 3C 80 4 367 1293 11 0 204 0
3 25 30 'I 256 2170 11 0 631 0
3 31 90 4 ■ 92 734 11 a 631 0
2 21 80 3 116 1034 777 0 695 0
1 7 80 3 298 5203 2701 0 653 599
5 26 80 4 18 9 995 70 0 142 39
5 9 90 4 192 743 25 0 220 0
5 6 90 4 17 9 196? 72 0 4 53 0
5 3 80 4 180 1134 90 57 679 0
8 10 79 HX 631 4084 85 76 560 200
0 16 79 1 317 3027 58 1 2 6 40 235
8 4 79 1 050 4906 76 102 294 231
9 6 7 9 2 404 4369 26 103 353 362
10 3 79 2 758 5197 138 141 657 200
8 28 79 1 180 1926 33 59 511 133
8 22 79 1 353 3399 38 67 . 887 233
1 13 80 3 54 319 46 20 273 71
2 9 90 3 442 5912 378 111 2903 0
10 18 79 2 282 2785 47 78 381 244
1 19 80 3 243 2961 152 83 545 186
1 22 BO 3 439 3516 1149 0 1899 0
7 11 79 1 837 6310 37 107 353 320
7 c, 79 1 597 5173 42 93 353 276
7 17 79 1 83 3 7065 26 93 560 485
7 23 79 I 385 2869 109 95 9 28 178
7 29 74 1 37 4 3097 44 75 712 184
12 2 79 3 133 17 27 16 74 353 116
12 20 79 3 706 7164 7 8 154 723 433
12 23 79 3 121 3 42 203 0 672 213
12 26 79 3 303 15 57 11>6 72 3u6 204
12 29 79 3 616 o i y i 17 31 0 6 11 345
1 4 8 u 3 824 89 06 73 162 609 703
81
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
U A15 SLA tJLF CLC r.r KC C CAC
1Ü 15 7Q 2 20 I 90 223 103 51 5
1Ü 27 7 9 2 37 10 2 348 12h 802
10 9 79 2 17 12 155 536 301 970
9 30 79 2 25 l b 150 46 4 261 822
9 24 79 2 27 44 269 644 521 1377
9 12 79 2 14 14 107 467 228 1075
11 2 79 Z 3 5 2 3 2b8 7 4  7 337 1510
11 14 79 2 58 94 249 1 2 5 4 398 2917
11 8 79 2 15 C 216 591 211 999
11 11 7 9 2 25 J 06 103 361 113 1111
9 18 79 2 22 32 245 1 2 5 2 494 2169
11 26 79 2 42 133 115 494 116 114 7
2 3 80 3 18 32 51 73 40 86
2 15 80 3 20 20 75 72 47 122
2 27 80 3 38 162 136 6 6 9 230 1667
3 4 80 4 I B 16 99 276 176 750
3 1 80 4 25 171 137 6 1 8 289 2104
3 7 80 4 15 26 132 39 108 236
4 24 80 4 14 1C 117 5 5 2 209 1128
4 18 80 4 55 62 5 74 1 0 7 6 1 492 2828
4 12 80 4 14 36 120 4 5 9 253 1402
4 3 80 4 15 73 1 6 4 483 377 1460
4 30 80 4 5 0 83 1 5 4 187 462
3 25 80 4 11 0 75 229 157 797
3 31 80 4 13 0 37 92 51 315
2 21 6 0 3 13 46 83 129 110 595
1 7 90 3 8 52 206 1 271 273 787
5 26 80 4 9 Û 34 1 0 4 66 404
5 9 80 4 16 C 57 103 101 292
5 6 80 4 18 e 77 2 4 4 120 614
5 3 80 4 12 G 55 1 33 109 532
8 10 79 1 11 25 1 8 4 469 265 943
8 16 79 1 17 23 97 440 13 4 770
b 4 79 1 20 32 2 19 5 9 3 311 836
y 6 79 2 25 37 1 14 627 1 6 4 937
10 3 79 2 21 46 188 555 365 1445
8 28 79 1 16 16 75 22 B 83 556
8 22 79 1 16 ' 33 108 467 . 127 847
1 13 80 3 16 ■ 35 44 56 33 103
2 9 80 3 21 682 196 741 303 3109
10 18 79 2 27 23 124 365 198 1058
1 19 80 3 58 382 169 429 193 1013
1 22 80 3 51 433 2 75 591 315 1279
7 11 79 1 2 7 57 202 835 233 1044
7 5 79 1 22 46 220 5 9 3 251 1134
7 17 79 1 33 4 2 213 1 0 2 3 319 1329
7 23 79 1 21 19 l u s 2 9 8 116 468
7 29 79 1 15 13 101 352 93 495
12 2 79 3 25 9 c 60 1 9 8 82 7 6 6
12 20 79 3 69 29 268 98 3 421 3491
12 23 7 9 3 36 13 113 63 104 50
12 26 7 ‘.̂ 3 43 55 154 197 2 99 812
12 29 79 3 52 7 i 240 80 7 428 2615
1 4 80 3 110 11 9 C 319 1 4 4 0 4 34 2787
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2 Ate SEA TJ r TIC C 2 ' c 2 ’ ■I. c













IS10 9 79 2 0 73 0 0 12 42
9 30 79 2 0 75 Ü 0 10 37
9 24 79 2 27 112 0 b 21 46
9 12 79 2 0 57 0 0 6 33
11 2 79 2 0 111 0 0 13 • 55
11 14 79 2 0 17 C 9 u 20 71
11 8 79 2 0 73 6 0 6 38
11 11 79 2 0 36 0 4 4 17
9 18 79 2 28 2GC 5 5 19 92
11 26 79 2 0 65 0 0 6 22
2 3 80 3 0 C 0 0 3 0
2 15 80 3 0 0 0 0 3 0
2 27 80 3 Ü 78 0 0 3 31
3 4 80 4 0 44 5 0 3 11
3 1 80 4 0 86 0 0 6 29
3 7 30 4 0 0 0 0 4 0
4 24 80 4 0 77 0 0 6 36
4 18 80 4 78 172 0 0 30 66
4 12 80 4 0 61 0 0 8 27
4 3 80 4 0 60 0 0 9 23
4 30 30 4 0 C 0 0 0 9
3 25 80 4 0 14 0 0 4 14
3 31 30 4 a G 0 0 0 5
2 21 80 3 0 0 0 0 4 7
1 7 80 3 0 155 6 0 6 48
5 26 8 0 4 0 C 0 0 3 4
5 9 80 4 0 0 0 0 0 5
5 6 80 4 0 35 0 0 0 17
5 3 80 4 0 0 0 0 0 8
8 1C 79 1 0 78 0 4 14 37
8 16 79 1 0 43 6 0 5 25
R 4 79 1 0 93 0 4 11 33
9 6 79 2 0 85 3 0 7 49
10 3 79 2 0 111 4 0 24 51
8 28 79 1 0 16 0 0 4 15
8 22 79 1 0 55 0 0 ‘ 9 27
1 13 80 3 0 ‘ C 0 0 0 4
2 9 80 3 0 94 0 0 4 36
10 18 79 2 0 45 0 0 10 24
1 19 80 3 0 42 4 0 4 14
1 22 80 3 0 6 C 10 0 11 19
7 11 79 1 Û 136 0 0 14 65
7 5 79 1 0 89 0 0 11 44
7 17 79 1 0 160 0 6 IS 61
7 23 79 1 0 39 0 0 13 22
7 29 79 1 0 59 0 0 4 15
12 2 79 3 0 24 0 u 3 12
12 20 79 3 0 i  46 0 0 12 43
12 23 79 3 0 0 0 0 0 4
12 26 79 3 0 21 4 0 6 10
12 29 79 3 0 114 0 5 9 43
1 4 80 3 0 169 0 6 Q 46
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DAT; s:A Fr; f' F8 C c j r CJ: 5’ I r ; ic10 15 7 9 2 107 4 87 Ü 3 0
10 27 7v 2 10 2 5 97 0 0 3 0
10 9 79 2 244 547 0 0 u 0
9 3C 79 2 2b ; 929 0 -t 0 0
9 24 79 2 426 1231 0 6 0 0
9 12 79 2 195 918 u 6 2 0
11 2 79 2 3 0 8 1236 0 5 0
11 14 79 2 39 4 2075 0 10 4 3
11 8 79 2 147 B 3c 0 “/ 0 0
11 11 79 2 57 613 0 0 2 1
9 18 79 2 418 2155 u 13 0 0
11 26 79 2 128 312 0 0 3 0
2 3 80 3 32 119 0 0 0 0
2 15 80 3 33 109 0 0 2 Û
2 27 89 3 196 1004 0 9 0 0
3 4 80 4 83 527 0 4 0 0
3 1 80 4 154 992 0 5 0 0
3 7 80 4 57 194 0 0 0 0
4 24 80 4 150 106C 0 0 0 0
4 18 80 4 983 1860 0 15 3 0
4 12 80 4 158 759 3 5 2 0
4 3 90 4 224 7 44 0 7 0 0
4 3C 80 4 126 232 0 Ü 0 0
3 25 80 4 99 419 0 0 0 0
3 31 80 4 34 17C 0 0 0 Ü
2 21 80 3 71 244 0 0 0 0
1 7 80 3 117 1831 0 s 0 0
5 26 80 4 53 195 0 0 0 0
5 9 80 4 7 4 176 0 0 0 0
5 6 80 4 60 4 19 0 0 0 0
5 3 80 4 64 229 0 0 0 3
8 10 79 1 263 921 0 0 0 0
8 16 79 1 159 685 0 0 0 0
R 4 79 1 301 973 0 0 0 0
9 6 79 2 19 4 966 0 0 5 3
10 3 79 2 327 1308 0 0 1 3
8 28 79 1 97 446 0 0 0 0
8 22 79 1 150 787 0 0 . 0 3
1 13 80 3 18 113 0 0 0 2
2 9 80 3 151 1205 0 0 2 0
10 18 79 2 152 680 0 0 5 2
1 19 80 3 82 569 0 0 2 0
1 22 80 3 216 762 0 0 2 0
7 11 79 1 334 1557 0 0 0 0
7 5 79 1 244 1130 0 0 0 3
7 17 79 1 317 1588 0 0 0 0
7 23 79 1 180 68 0 0 0 4 0
7 29 79 1 150 677 0 0 0 0
12 2 79 J 47 351 Ü 0 0 0
12 2 C 79 3 257 159E Ü 0 3 2
12 23 7 9 3 45 8C 0 0 0 0
12 26 79 3 19 0 310 0 c> 2 0
12 29 7Q 3 210 1283 fj 0 0 3
1 A 30 3 3 49 1945 0 0 2 .1
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1 -■Jt. A Ciiy CU c :r  F vCF A JCIv) 15 79 2 1 J 4 c 4 0 32 f* 0
10 27 7 9 2 14 3o 20 Î7 0 510 9 7Q 2 23 9 4 49 14 79 JC 79 2 23 30 35 61 6 9
9 24 79 2 31 80 60 71 0 5
9 12 79 2 28 99 46 51 ■1 5
11 ? 7Ü 2 22 )4 45 63 0 ■ 5
11 14 79 2 28 165 51 147 Û 11
11 8 79 2 h i 31 316 74 50 7
11 11 79 2 24 45 112 52 26
59 18 79 2 29 2 35 33 153 11
11 2 6 79 2 21 75 51 53 11 7
2 3 80 3 10 10 26 9 3 0
2 15 80 3 0 3 13 0 0 0
2 27 80 3 12 61 24 63 0 6
3 4 80 4 3 4 5C 165 59 17 3
3 1 80 •i 7 24 29 47 0 3
3 7 8 0 4 100 21 223 7 97 7
4 24 80 4 13 88 39 77 4 5
4 18 80 4 23 79 49 91 7 7
4 12 80 4 9 23 23 36 6 3
4 3 80 4 8 34 14 40 0 0
4 3C 80 4 0 6 3 11 0 0
3 25 80 4 0 15 12 23 0 0
3 31 30 4 4 e 7 11 a 0
2 21 80 3 1 4 e 155 25 13 3
1 7 80 3 13 231 265 129 6 1 2
5 26 80 4 n 6 7 10 0 0
5 9 80 4 9 1C 12 12 4 0
5 6 80 4 8 32 57 22 13 0
5 3 80 4 4 11 28 11 13 0
8 10 79 1 20 31 31 57 0 7
8 16 79 1 33 82 101 62 13 6
8 4 79 1 2 4 103 22 65 0 5
9 6 79 2 21 1 14 47 96 0 7
10 3 79 2 20 78 80 66 9 6
8 2G 7 9 1 6 25 19 25 0 0
8 22 79 1 11 54 80 54 . 15 4
1 13 80 3 11 12 22 11 10 0
2 9 80 3 4 0 41 139 69 44 0
10 13 79 2 15 34 27 50 0 3
1 19 80 3 12 42 49 32 Ü 0
1 22 80 3 52 55 2 1 2 55 29 4
7 11 79 1 21 103 92 94 5 7
7 5 79 1 19 1 0 4 21 69 0 0
7 17 79 1 33 230 35 128 5 1 6
7 23 79 1 15 69 27 34 5 5
7 29 79 ]_ 17 Ü1 21 43 7 7
12 2 7 9 3 5 29 13 25 0 0
12 2G 7 9 3 2 3 12C 60 130 0 0
12 23 79 3 4 11 5 0 9 h. 0
12 26 79 3 33 11 10 4 1 0 12 0
12 29 79 3 i v 61 147 88 u 0
1 4 BO 3 25 163 85 125 0 12
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SEA 3 3 " 33C : -<c r. i r
10 15 2 0 0 5 -j '} 2 06
10 27 7 9 2 0 ( 135 15 n 2
10 y 79 2 1) C 35 6 4
9 30 79 2 n c 51 6 3
9 24 79 2 1 V 65 9 2 4
9 12  79 2 0 c 28 9 1
11 2 79  2 0 I 1 j 9 10 ri s
11 14 7 9 2 0 0 193 32 0 7
11 a 79 2 5 0 37 7 1
11 11  79  2 1 0 71 13 0 2
9 I S  7 9 2 0 0 6 0 13 2 8
11 2 6  79 2 0 c 92 12 1 2
2 3 30 3 0 c 24 4 0 0
2 15 80 3 0 c 37 J 1 0
2 27 80 3 0 c 84 10 1 4
3 4 80 4 3 0 23 3 0 2
3 1 60  4 0 c 85 5 0 4
3 7 80  4 7 c 37 8 1 0
4 24 80 4 0 c 13 3 1 4
4 16  80 4 1 c 51 5 4 8
4 12  30 4 0 0 29 6 0 3
4 3 8 0  4 0 t 35 2 1 3
4 30 30 4 0 c 20 2 0 0
3 25 30  4 0 c 22 2 0 2
3 31 80  4 0 0 15 0 0 0
2 21 80  3 3 0 30 4 1 1
1 7 80 3 5 c 30 0 1 9
5 26 80 4 0 0 10 1 1 0
5 9 80  4 0 Ü 13 V 0 0
5 6 8 0  4 1 c 10 1 1 2
5 3 80 4 0 0 13 2 0 1
6 10 79  1 0 0 39 0 1 3
8 16  79  i 0 0 29 5 1 3
8 4 79  1 0 0 32 5 1 4
9 6 7 9  2 0 0 25 7 1 5
10 3 79  2 0 Ü 50 10 1 4
8 28 79  1 0 c 30 6 0 1
8 22 79  1 0 , C 27 7 . 1 3
1 13 30  3 0 • 0 19 3 0 0
2 9 80  3 2 u 89 19 0 5
10 18 79  2 0 0 65 3 0 2
1 19 80  3 1 t) 121 12 2 2
1 22 80 3 3 c 1 2 4 13 0 3
7 11 79  1 0 0 15 2 1 5
7 5 7 9  1 0 G 41 6 1 4
7 17 79  1 0 c 25 5 0 7
7 23 7 9  1 0 c 17 2 0 2
7 29 79  1 0 G 25 4 u 2
12 2 7 9  3 0 0 41 3 Ü 1
12 20 79  3 0 c 2 2 3 2 4 2 6
12 23  7 9 3 0 c 66 0 0 0
12 26 79  3 2 0 10 4 0 1
12 29 7 9  3 X c 138 19 1 5
1 4 oD 3 (/ c 167 3 9 0 9
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55lu  9 79 2 I 10 4 0
0
4 5 719 30 79 2 4 b 0 47 5 09 24 79 2 5 11 0 0 3 6 639 12 79












4 b11 14 79 2 4 2 C 0 0 3b 7311 8 79 2 3 9 51 Û 57 51
11 11 79 2 4 g 3 0 64 599 18 79 2 5 16 0 0 39 8611 26 79 2 3 1C 0 0 55 402 3 80 3 3 3 0 0 55 37
2 15 80 3 3 3 0 0 40 54
2 27 80 3 3 12 0 0 36 56
3 4 80 4 3 7 33 0 37 34
3 1 8 0 4 4 14 0 0 45 58
3 7 80 4 3 3 31 0 37 43
4 24 80 4 4 11 0 0 33 67
4 18 80 4 12 20 0 0 48 72
4 12 60 4 •1 11 0 0 38 47
4 3 80 4 4 1C 0 0 48 54
4 3C 80 4 4 5 0 0 44 49
3 25 80 4 3 7 0 0 37 41
3 31 90 4 3 5 0 0 52 48
2 21 80 3 3 6 23 0 48 23
1 7 80 3 J 14 64 0 34 59
5 26 80 4 3 5 0 0 44 41.
5 9 80 4 ■\ 4 0 0 4b 44
5 6 80 4 3 c. 0 0 54 41
5 3 80 4 4 5 Û 0 91 57
8 10 79 1 4 8 0 0 54 47
0 16 79 1 3 c 0 0 52 58
8 4 79 1 5 9 u 0 51 59
9 6 79 2 4 8 Ü 0 47 55
10 3 79 2 4 11 5 0 47 52
8 28 79 1 3 c 0 0 45 42
8 22 79 1 3 . 7 0 0 43 63
1 13 80 3 2 • 3 0 0 56 39
2 9 80 3 4 17 22 0 37 61
10 18 79 2 4 7 0 0 51 41
1 19 80 3 4 9 0 0 51 54
1 22 80 3 3 10 24 0 52 41
7 11 79 1 4 9 12 0 52 54
7 5 79 1 a 9 0 0 52 51
7 17 79 1 5 15 0 0 63 70
7 23 7 9 1 4 7 G 0 97 82
7 29 79 1 3 5 0 0 33 43
12 2 7Q 3 3 c 0 n 46 42
12 2C 7 9 3 4 2C 3 0 59 56
12 23 79 3 1 3 21 0 60 25
12 26 79 3 3 r 13 0 53 33
12 29 79 3 5 15 43 0 63 55
1 4 80 3 3 21 n 0 37 87
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d S11 14 7 9 2 0 r G 8 605 17311 8 79 2 Ü 0 G 3 332 5311 11 79 2 0 c Ü 2 304 659 18 7Q 2 0 6 G 7 253 11911 26 79 2 0 0 0 3 330 782 5 80 3 0 c 0 0 115 18
2 15 80 3 0 c 0 0 140 17
2 27 80 3 0 5 0 2 303 69
3 4 80 4 0 c 0 ü 146 37
3 1 80 4 Ù 4 0 2 314 48
3 7 80 4 0 c 0 0 419 31
4 24 80 4 0 c 0 0 65 43
4 18 80 4 0 c 0 5 225 67
4 12 00 4 0 3 ü G 150 38
4 3 3 0 4 0 c 0 Ü 153 304 30 80 4 0 0 G 0 80 13
3 25 80 4 0 c 0 0 90 22
3 31 90 4 0 0 0 0 71 17
2 21 30 3 0 c 0 0 180 22
1 7 80 3 0 0 0 3 263 39
5 26 80 4 0 c 0 0 bV B
5 9 80 4 0 c 0 0 66 10
5 6 90 4 0 c 0 0 76 19
5 3 80 4 0 0 0 il 93 14
8 1C 79 1 0 Û u u 204 44
8 16 79 1 0 0 u g 264 45
8 4 79 1 0 c 0 0 153 40
9 6 79 2 3 0 4 0 134 59
10 3 79 2 0 c 0 4 274 70
8 28 79 1 0 c 0 4 178 31
8 22 79 1 0 . c 0 0 .226 48
1 13 80 3 0 ■ 0 0 0 102 16
2 9 80 3 0 0 g 0 493 94
10 IB 79 2 0 0 0 0 253 49
1 19 80 3 0 c 0 0 3 97 64
1 22 80 3 0 0 0 û 534 70
7 11 79 1 0 c u 4 103 49
7 5 79 1 0 4 0 3 192 59
7 17 79 1 n c 0 3 155 66
7 23 74 1 0 c 0 5 109 25
7 29 79 1 0 c ü 0 148 38
12 2 79 3 0 0 0 ü 1 17 29
12 2C 79 3 0 c û 0 7 39 141
12 23 79 3 0 0 ü 0 240 19
12 26 7G 3 0 G 0 u 3 3 6
12 29 79 3 0 G 0 0 524 107
1 4 8u 3 0 G G 0 6 ÜG 2 gS
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SAMPLE DAY AND MONTHLY AVERAGE CONCENTRATIONS OF ALUMINUM
Coarse Fraction
Sample Day 
0 — Monthl y Average
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SAMPLE DAY AND MONTHLY AVERAGE CONCENTRATIONS OF SILICON
Coarse Fraction
*-------- » Sample Day












ROTATED LOADINGS FROM PRINCIPAL-COMPONENT ANALYSIS
Fine Fac 1 Fac 2 Fac 3 Fac 4 Fac 5
A1 .856 -.090 .061 -.201 .302
Si .971 -.025 .153 -.043 -.057
P .048 .181 .066 .955 .001
S -.039 .917 .047 .127 -.035
Cl .259 -.074 .877 -.011 .065
K .842 .136 .431 .191 -.042
Ca .941 .001 .216 .111 -.075
Ti .884 -.023 -.115 .043 -.086
Mn .848 .034 .229 -.069 .004
Fe .962 -.016 .196 -.059 -.038
Cu .160 .903 .197 .084 -.018
I n -.042 .612 .132 .732 -.012
As -.108 .949 -.093 .157 -.011
Br .085 .003 .970 .024 -.063
Rb .723 .053 -.007 .285 -.126
Sr .940 -.031 -.025 -.067 .086
Ba -.049 -.042 -.054 .000 .983
Pb .096 .299 .910 .153 -.076
Coarse Fac 1 Fac 2 Fac 3 Fac 4 Fac 5
A1 .808 .494 .197 .069 .194
Si .812 .396 .284 .224 .188
P .195 .169 .261 .917 .109
S .454 .715 .276 .275 -.079
Cl .056 .026 .885 .115 .255
K .754 .519 .318 .112 .159
Ca .840 -.018 .500 .107 .043
Ti .806 .495 .177 .178 .135
Mn .805 .476 -.007 .208 .170
Fe .800 .498 .213 .167 .159
Cu .501 .787 .054 .233 .127
Zn .732 .599 .203 .180 .036
As .256 .877 .092 -.017 .240
Br .372 .179 .847 .165 -.074
Rb .776 .509 .224 .120 .170
Sr .832 .258 .421 .058 .156
Ba .461 .338 .205 .180 .703
Pb .557 .339 .699 .177 -.046
































Fine Conc ng/m3 # Std Dev* % Total Coarse Conc ng/m3 # Std Dev* % Total
A1 961.5 5.1 3.3 A1 6302.0 4.7 6.4
Si 3226.7 6.9 11.1 Si 16347.8 5.7 16.6
P 323.9 0.2 1.1 P 0.0 -0 .9 0.0
5 555.2 - 0.2 1.9 S 203.6 0.05 0.2
Cl 30.0 0.2 0.1 Cl 0.0 0.5 D.O
K 353.3 2 .2 1.2 K 1040.9 1.6 1.1
Ca 680.4 2.1 2.3 Cs 2177.9 1.6 1.1
Ti 39.5 3.2 0.1 Ti 274.6 3.9 0.3
Mn 18.0 1.6 0.06 Mn 53.3 1.2 0.05
Fe 682.2 3.2 2.4 Fe 2330.1 2.8 2.4
Cu 45.9 1.6 0.2 Cu 33.9 - 0.6 0.03
Zn 77.1 0.2 0.3 Zn 20.9 0.9 0 02
As 7.9 -0.04 0.03 As 0.0 - 1.0 0.0
Br 14.3 -0 .9 0.05 Br 2.3 -0.7 0.002
Rb 0 .0 - 0 .8 0 .0 Rb 4.0 0.4 0.004
Sr 11.3 5.4 0.04 Sr 32.2 4.8 0.03
Ba 76.3 2.2 0.3 Ba 104.9 3.8 0.1
Pb 135.2 -0.7 0.5 Pb 18.7 -0.9 0.02
Fine Coarse
Subtotal 7250.4 — — — Subtotal 28971.1 ~ - -
Fine Coarse
Total 29000.0 — —- Total 98400.0 — — — -----
24.98 29.46
* Number of standard deviations from the mean of a l l  other sample days; negative value
































Date Conc Free Speed D ir
5 3 80 90 .35 4.2 205
5 6 80 72 .20 5,8 220
5 9 80 25 .37 5.4 220
5 26 80 70 .001* 6.2 204
4 3 80 21 . 001* 2.9 171
4 12 80 34 .001* 2,8 133
4 18 60 531 .0 4.7 167
4 24 80 21 .02 5.2 245
4 30 80 10 .61 3.6 227
3 1 80 39 .0 2 .0 148
3 4 80 467 .22 3.8 214
3 7 80 602 .001* 1.9 232
3 25 80 11 . 001* 5.7 212
3 31 80 11 .04 5.4 272
2 3 80 61 , 001* 5.0 198
2 9 80 378 .0 3.7 169
2 15 80 11 .01 6 .8 150
2 21 80 777 .05 3.7 254
2 27 80 84 .0 3 . 0 169
1 4 80 73 .0 2 .0 158
1 7 80 2701 .03 1.2 268
1 13 80 -45 .08 4.6 209
1 19 80 152 .001* 2 .8 176
Î 22 80 1149 . 001* 1.1 176
12 2 79 16 ,0 7.4 223
12 20 79 78 .0 3.3 202
12 23 79 203 .01 3.5 170
P Wind Wind
Date Conc Free Speed Dir
12 26 79 166 . 001* 5.2 284
12 29 79 1731 .0 1.4 176
11 2 79 34 . .0 4.2 183
11 8 79 1279 .0 2.5 198
11 11 79 210 . 001* 4.6 185
11 14 79 140 .0 3.2 176
11 26 79 49 .0 5.4 252
10 3 79 138 .0 5.0 223
10 9 79 217 .0 5.4 195
10 15 79 67 .27 5.1 254
10 18 79 47 .0 6.1 196
10 27 79 81 .0 5.2 254
9 6 79 26 .0 5.8 178
9 12 79 117 .0 4.9 195
9 18 79 68 .0 4.8 194
9 24 79 87 .0 4.3 193
9 30 79 40 .0 6.3 259
8 4 79 76 .0 6.9 130
8 10 79 85 .0 5.6 201
8 16 79 58 . 001* 6.2 170
8 22 79 38 .0 3.4 190
8 28 79 38 .0 4.0 177
7 5 79 42 .0 6.1 150
7 11 79 87 .0 7.7 235
7 17 79 26 .0 6.9 230
7 23 79 109 .0 3.3 198
7 29 79 44 .0 4.3 214
P conc - in un its  o f ng/mS 
*Prec - in un its  o f inches; .001 means trace 
Wind Speed - in un its  of knots 
Wind D ir - in degrees from true north
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